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Abstract
The increasingly strong demand for air traffic in the past decade has caused severe
congestion at major airports such as Chicago O'Hare, Washington National, LaGuardia
and JFK. Although the congestion problems can be alleviated by expanding the ATM
system such as new airport constructions, new runway constructions or through advances
of air traffic control system, these improvments cannot be achieved in a short period of
time. In this research, we continue the development of an advanced Traffic Flow
Management model developed prior to this thesis called the Dynamic Flow Control (DFC)
model. Simultaneously, newly developments are incorporated into the simulator
accompanying the original model. The simulator provides a powerful tool to evaluate the
DFC model under different traffic management strategies. The basics of DFC are first, to
receive recurrent real-time flight data from all the Air Route Traffic Control Centers
(ARTCCS) in the National Airspace System, and then to compute a set of optimal traffic
advisories which includes ground-holdings, speed changes and air-holdings. This thesis
provides a general description of the model as well as the simulator. At the end, we show
the simulation results obtained from a set of recorded actual flight plans filed for the
Chicago O'Hare International Airport.
Thesis Supervisor: Dr. Robert W. Simpson
Title : Professor of Aeronautics and Astronautics, Director of Flight Transportation
Laboratory.
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Chapter 1
Introduction
1.1 Motivation for Thesis
The increasingly strong demand for air traffic in the past decade has caused severe
congestion at major airports such as Chicago O'Hare, Washington National, LaGuardia
and JFK. This has resulted in prolonged delays for the ATM users, and therefore, rising
operating costs. While the air traffic will continue to grow at an annual rate of
approximately 4 to 8%, the existing capacity of the ATM system, which includes airports,
terminal area, various waypoints, etc., will shortly be incapable to accommodate all the air
traffic demand. Although the congestion problems can be alleviated by expanding the
ATM system by new airport constructions, new runway constructions or through
advances of air traffic control system, these improvements cannot be achieved within a
short period of time. To solve the congestion problems on a short-term basis, that is to
tackle the problems interactively and dynamically in a day-to-day or even an hour-to-hour
basis, the only tactic is to apply Traffic Flow Management (TFM) control, a sub-element
of Air Traffic Management. TFM's objective is to "match" dynamically air traffic demand
with the available capacity of airports and airspace sectors, on a day-to-day basis, in a way
that minimizes delay costs or impacts [2]. For that reason, the Traffic Flow Management
has been directed a greater attention since the mid-1980's.
Congestion occurs whenever the capacity of one or more elements of the ATM system is
exceeded by demand over a period of time [2]. Usually, the period of congestion arises at
the peak traffic hours of the day or when the weather is in an adverse condition. Thus,
capacity constraints usually exist within a local environment, and by approaching the
problems using a dynamic version of TFM, the regional or terminal-area congestion can be
relieved without intervention from the Central Flow Control Facility.
Most major airports establish an Airport Acceptance Rate (AAR) on an hourly basis to
dynamically assign landing slots for arriving flights. In the event of adverse weather
conditions, the local traffic flow manager will tactically lower the hourly AARs to match
the available capacity of the ATC System. Advanced traffic flow management techniques
are needed to enhance the operation of the existing TFM system during these dynamically
changing conditions. Recently, much attention have .been directed to the ground delay
strategy. That is, if it is anticipated that an aircraft will be issued air holding once airborne,
the traffic manager will hold that aircraft on the ground at its origin airport until it can be
assigned an optimal departure time. Since ground-held aircraft consume less fuel, the
airlines are consequently reducing their operating costs. However, this technique achieves
economical operations by the expense of very uncertain ground delays, since the actual
variation of AAR until time of arrival cannot be predicted accurately.
The definition of an advanced TFM system is still in its formative stage [2] and there has
not been a set of concrete elements defined yet; nonetheless, a common definition would
have to form before advancing the TFM system. Generally, an advanced TFM system
requires three basic elements. First, since it is a dynamic system, it demands an
instantaneous access to a real-time flight information database and good forecasts of
weather, AAR, and re-scheduled flights. This ensures that the traffic managers have
immediate knowledge about any congestion problem forecasted for the system. Secondly,
the automation of decision-making techniques of an advanced TFM system has to use
some optimization algorithm to compute the best Traffic Flow Plan (TFP) to dynamically
manage the flow of airborne and ground traffic. Finally, after the decision-making process
has selected a TFP, a direct communication is needed to facilitate the transmission of the
new modifications of flight plans to certain aircraft. The new data link technology can
provide the media necessary for direct communications between the aircraft and the TFM
system.
From the perspective of managing air traffic flow, the increase in air traffic demand means
greater complexity in reducing delay costs, i.e., continuous congestion problems will still
exist. The next generation of managing the traffic will come when the system defined
above becomes fully implemented. Extensive research and development (R&D) programs
on advanced TFM are needed for both existing and future automation aids in TFM .
1.2 Thesis Objectives
The transition from manual decision-making to automation aids of the new TFM system
is still in an early stage of its development. Extensive R&D programs on advanced TFM
are needed before a fully automated system can be established. This research aims to fully
utilize today's computer power to alleviate and automate the air traffic flow management
system at major airports by developing an advanced TFM model.
At this point, we have developed a model called the Dynamic Flow Control (DFC) to
optimally manage the flow of the arriving traffic at a single major airport. The model
incorporates the first and second advanced TFM elements, which are a flight information
database and an optimization algorithm, mentioned in Section 1.1. The third element, the
data transmission element, is not included in this model since it makes the assumption that
the communication technology is already being implemented. Due to this assumption, the
physical capacity of the transmission media is simulated as being instantaneous, which
obviously cannot be true. There will be time lags in issuing Traffic Flow Advisories to
certain aircraft which are not simulated in this research. However, this research does study
the impact of being able to control the rate of issuing Traffic Flow Advisories.
A DFC model simulator has been developed prior to this thesis to study the complex air
traffic flow problem. It enables us to quickly construct hypothetical scenarios in
investigating the DFC model. It is important to stress that the previous version of the
simulator used only hypothetical data. Part of this research was to modify the simulator to
accept recorded actual flight data as inputs to simulate the aircraft movements controlled
by the model. By analyzing the results of the actual flight data, the practicality of the
model can then be assessed. The research is, therefore, also aimed at studying the
feasibility of the DFC model, and the results produced by varying model parameters and
the input data. This research continues to perform sensitivity analysis by varying input
parameters.
1.3 Organization of Thesis
The rest of the thesis is divided into five chapters. Chapter 2 presents the Dynamic Flow
Control model as a whole. First, it discusses the logic and problems of the current TFM
practices, such as Miles-In-Trail. Second, it reasons the motivation behind DFC. Then, it
outlines the logic of the model and describes the simulator.
Chapter 3 presents the three new developments for the DFC model. They are Ground
Hold Window, Speed Change Window and Monotonic Speed Control. These new
developments are used to reduce the total number of Traffic Flow Advisories given out at
each time the system is updated and thus to ensure the feasibility of the model.
Chapter 4 and 5 illustrate the simulation results. The results in Chapter 4 and 5 are
obtained by using hypothetical input data and actual data of the flights arriving at Chicago
O'Hare on October 31, 1995, respectively.
Chapter 6 states the main findings of this research and purposes some future directions.
Chapter 2
2.1 Current Approach: Metering and Spacing4Miles-in-Trail (m-i-t)
2.1.1 The Picture
One of the current techniques for Traffic Flow Management is commonly known as Miles-
in-Trail (m-i-t), and it is the currently widely used flow management control at major
airports such as Chicago O'Hare. These airports dynamically vary their Airport
Acceptance Rates (AARs) according to the available capacity in an hour-to-hour basis.
Depending on the expected and actual time variation of AAR, Traffic Managers issue (m-
i-t) constraints along common, preferred arrival paths to the airport, by telephoning (m-i-t)
separations to be used by sectors in different Centers.
(m-i-t) resembles a horizontal queue in a sense that the aircraft in the queue follow one
after another on a horizontal stream along ATC metered routes into the airport on a First-
In-First-Out basis. Its primary goal is to relieve the local peaks of traffic flow. The trail
extends as much as 300nm out from the airport of interest. Figure 1.0 illustrates a
schematic view of (m-i-t) for a single airport with four entry fixes. The arrows are the
aircraft arriving streams. In this case, the AAR is 60 landings per hour, with a desired
arrival rate of 15 per hour (separation time = 60/15 = 4 min.) at each Entry Fix. Thus, the
(m-i-t) on the each arrival stream becomes 32 nm (4*8) if ground speed is 8 nautical miles
per minute at cruise altitude, and 64 nm (corresponding to a flow rate of 15/2 aircraft per
hour) if two major arrival airways are merging into the final leg. Controllers are expected
to hand-off with at least this spacing. Similar values are assigned to other arrival airways.
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Figure 2-1: Miles-in-Trail Diagram.
2.1.2 Problems with (m-i-t)
Miles-in-Trail utilizes airspace inefficiently, since it requires a fixed separation distance
between subsequent aircraft. For instance, a faster aircraft in the arriving stream may be
forced to cruise at an inefficient speed if it is behind a slower aircraft. (m-i-t) restricts
passing such that it does not efficiently take advantage of the fact that today's jet
transports have a wide range of feasible cruising speeds. Moreover, the forming of the
queue-like trails is also an inefficient utilization of airspace. The sky is limited in a sense
32 MIT
that the capacity of several flight levels is ignored. Part of this research is searching for a
method to efficiently manage the traffic flow among the available airspace.
2.2 Why Dynamic Flow Control (DFC) ?
To eliminate the inefficiencies associated with Miles-In-Trail, new developments in TFM
have to be investigated. Prior to this thesis, a model developed by Fedida & Simpson [1],
called the Dynamic Flow Control, demonstrated the ability not only to eliminate the fixed
separation distance problem in (m-i-t), but also to optimize the use of the existing
airspace, ATC, and airport capacity in a safe and economical way. It eliminated the
separation requirement of (m-i-t) by assigning an entry slot for each of the aircraft arriving
at an Entry Fix and by issuing Traffic Flow Advisories for Ground Hold and Airspeed such
that aircraft can arrive at the Entry Fixes at their desired time spacings. Anyimbalance in
Entry Arrival Flows is automatically corrected.
From the title, the model is a dynamic model. Since the goal of TFM is to alleviate
congestion in a short-term basis, a model for TFM has to be dynamic as well since there
are new flight plans being filed and old ones being canceled throughout the day; since the
weather forecasts are also changing; and because the AAR may not have:matched its
forecasted values. For the aforementioned reasons, the flow management problem is
dynamic, and thus requires updated solutions throughout the day. Here, we have assumed
that the interval between each update time should be either 15 minutes or one half an hour.
The other goal of this model is to provide Traffic Managers with the ability to accept or
modify the set of traffic flow advisories. Moreover, it integrates all the current:methods of
TFM; i.e., the Ground Delay Program, airborne speed control program, and any local air
holding to manage the arriving traffic demand for the airport of interest. Currently, (m-i-t)
can only deal with the flow rate of airborne aircraft.
The liberty that the airlines have on their flights in the DFC model resembles the liberty
that they would have in a Free Flight Environment. Although an agreed definition of Free
Flight has not been established, the basic idea is that each flight would be given an arrival
time, and that the airlines are then responsible to file a desired flight plan. Once approved
and during the course of its "Free Flight", if the continuation of the flight route would
endanger the safety of other aircraft, that particular aircraft would modify its planned path
to resolve the safety issue, and would be free to modify its flight plan for the rest of the
trip. This requires some modification of the Traffic Flow Plan by ATC which might then
issue new arrival times to all aircraft.
The Free Flight concept is similar to the idea behind the DFC model in a sense that DFC
provides a new set of Traffic Flow Advisories at short intervals and aircraft are then free
to choose their desired routes. Moreover, most flights would cruise at their optimal
airspeeds and altitudes. Indeed, the DFC model is the first TFM model developed under
the influence of the Free Flight Program.
2.3 The Logic
It is important to note that the primary purpose of this section is not intended to provide a
full description of the DFC model, but rather outlines the overall logic of the model. A
detailed description can be found in Reference [1].
2.3.1 The Update Time
The essence of the DFC model is its dynamic feature, which means that the traffic flow
plan is updated regularly at a short time interval. That time interval is referred to an update
time, Tupdate, which is a parameter of the DFC model With Tupdate equal to 15 minutes,
it is sufficient to ensure that the system is updated timely and all the flight data are
accurate. While flight plans continuously enter or exit the system in a scheduled or random
fashion, with the aircraft either airborne or on-the-ground, all flight plans filed after the
last update time will not be "processed" until the next update time. For instance, if the last
update time is 11:00am and each update time is 15 minutes apart, a flight plan filed or
modified at 11:05 am will not be assigned a planned take-off time until the next update
time which is 11:15 am. Even though the flight plan estimates a takeoff time, it may not be
accurate. Once airborne, the actual airborne position will be a new piece of.information for
DFC to use at the next update.
2.3.2 Information needed at each Update Time
At each update time, the DFC model requires accurate information on both airborne
aircraft that have not landed; and also new/modified/canceled flight plans since the last
Tupdate. The simulation of the DFC model includes airborne aircraft (holding at the
Entry Fix and enroute) and on-the-ground aircraft (prepared for scheduled takeoff or for
a delayed takeoff) at all times.
For the airborne aircraft the model requires information about their current positions and
airspeeds. For international flights, there are some aircraft which enter the simulation as an
"air-start" without a flight plan known before takeoff. For a newly entered "air-start"
aircraft, the model needs to obtain its original flight plan which includes the planned time
to enter the system, the distance between the entering waypoint, the arrival Entry Fix, and
the planned cruise airspeed.
Similar to the airborne aircraft, the simulation model requires the on-the-ground aircraft to
have both a flight plan filing time and a flight plan (it may be changed at later time). The
flight plan must contain the following data:
* planned take-off time,
* planned airspeed,
" arrival Entry Fix,
* distance to the destination.
Knowing the enroute winds, the simulation model computes a nominal arrival time at the
Entry Fix using the planned or current airspeed.
2.3.3 Optimization Algorithm : Least Cost Network Problem
Once all the up-to-date information are obtained, a Traffic Flow Plan consisting of a set of
Traffic Flow Advisories can then be computed by using an optimization algorithm which
uses a Least Cost Network Flow solution technique. The computation is done by
constructing and solving a network at each Tupdate. Figure 2-1 illustrates the elements
included in the network.
Flow Advisory
Arcs
Figure 2-1 : Diagram for the Least Cost Network Flow Problem.
There are three elements in the network.
* Source Arcs : These arcs go into nodes which represent all the aircraft in the system.
The lower and the upper limits on the flow in the source arcs are both equal to 1. The
continuity of network flow enforces that all flights in the system will be included in the
Traffic Flow Plan. Then, the network flow algorithm assigns each aircraft to some
feasible Entry Slots.
* Entry slots : The entry slots are determined using the current forecast for AAR. There
is a Flow Advisory arc from each aircraft node to a set of feasible entry slots that a
particular aircraft could reach. The set of feasible entry slots for each aircraft can be
translated as the possible time window that it can arrive at the Entry Fix of the
destination using a ground delay, or a speed change, or limited air holding.
* The set of Flow Advisory arcs connect each aircraft node to corresponding feasible
Entry Slot. Each Flow Advisory Arc uses the least cost trajectory (i.e., Ground Hold,
airspeed, and air hold) for the aircraft operator to reach the Entry Slot from its present
position. The cost function consists of four elements.
1. Delay Cost : This cost measures the on-time performance of each flight. It is
the difference between the Scheduled Exit Time associated with the slot under
consideration, SETslot , and the Original Nominal Exit time, ONET, from the
holding fix. In other words, this is the cost of the cumulative total delay
experienced by a particular flight.
2. Air-holding Cost : Once a flight has arrived near or at its planned Entry Fix,
the Controllers might not allow the aircraft to perform final approach and
landing immediately. There are usually some other flights in the holding stage
simultaneously. This cost is associated with the flight holding during in or near
the Entry Fix area. We can penalize air holding to decrease its usage by the
DFC logic.
3. Fuel Cost : The cost is directly related to the operating cost of an aircraft. To
ensure that a particular flight will finish its trip in an efficient and economical
manner, the fuel cost is introduced in the control arc costs.
4. Air Traffic Workload Cost (ATWC) : For every change in the traffic flow plan,
there is a workload cost incurred by the ATC controllers associated with the
change. For instance, a change in a flight's airspeed during cruise requires some
controller to issue a Traffic Flow Advisory. By including this cost in the model
it is possible to control the number of Traffic Flow Advisories that will be
issued by the controllers at each update.
The total cost function of each Traffic Flow Advisory Arc thus is expressed as:
ArcCost = w, * DelayCost + w2 * AirHoldingCost + w3 * FuelCost + w4 * ATWC
2.3.4 Traffic Flow Advisories
After solving the network, a set of "new" Traffic Flow Advisories is identified. There are
two different advisories.
* Ground Hold Advisory : The idea here is similar to the Ground Delay Program in
which it delays the take-off times of flights pending to takeoff to relieve the
anticipated congestion at the destination airport. If the takeoff time has not been
changed by more than the Ground Hold Window (eg. 15 minutes), there would be no
new Advisory issued. No new Ground Hold is issued if the aircraft is less than 30
minutes from planned departure.
* Speed Change Advisory : It is desirable not to issue any speed change to airborne
aircraft so that we allow them to cruise at their optimal airspeeds; however, again, an
anticipated congestion at some waypoints or at the destination's terminal area due to
changing weather, AAR, traffic, etc. can force the issuance of this advisory. The
intention is that by manipulating the airborne aircraft speeds, the airborne holding
congestion can be alleviated at or around the Entry Fix. If the airspeed advisory has
not changed by more than the Speed Change Window (eg. 0.02 Mach), there would be
no new Advisory issued. Each aircraft is assumed to have a maximum and minimum
feasible airspeed listed on its flight plan.
Note that not all aircraft in the system will require changes to their flight plans at each
update. It is desirable for the model to issue as few advisories as possible to control the
TFM workload. This is one of the issues we focused on for the original model. Chapter 3
discusses the factors that can "influence" the model to limit the numbers of both ground-
hold and speed-change advisories.
2.4 Description of the Simulator
Due to the complexity of the DFC model, a computer simulator was created to study
various traffic management strategies. The simulator is written in C language, and has
more than 18,000 lines of code.
The core logic of the simulator is illustrated in Figure 2-2. It is an event-based simulation,
and is described in more detail in Reference [1].
Figure 2-2 : Overview of the Simulator
There are 8 events that can occur anytime during the simulation. At each instance of time,
the program searches and executes the next event that has the minimum occurrence time
among all other events that have not been executed. At the end of each execution, the
event that has just been executed will generate its next occurrence time. This method is
known as bootstrapping.
The major event in the logic is the System Update. System Update is equivalent to the
update time and it is exercised at each update time. As discussed in Section 2.3, during
System Update, the program will collect all the up-to-date information on all flights, and
then construct and solve the Least Cost Flow Network Problem to obtain a set of optimal
traffic flow advisories.
2.5 The Simulation
This section provides a set of general procedures to conduct the DFC simulation. There
are two versions of the simulation programs, the Random-Traffic-Generating and the
Actual-Traffic versions. The two are essentially equivalent except that their flight data
sources are not the same. One of them generates its own traffic by using a random traffic
generator, while the other accepts a set of actual flight information from an input database.
2.5.1 Input File
This file contains all the parameters required to perform the simulation besides the flight
information. There are four sections in the file, and are described in Reference [1]. Some
additional parameters are included. This section only presents those new additional
parameters accompanying the new model developments.
Ground Hold Window is set to control the issuing of Ground Hold Advisories. The wider
the window, the fewer the number of the advisories will be given out at each update time.
Chapter 3.1 describes the logic of the Ground Hold Window.
Speed Change Window is implemented in the simulation to limit the number of speed
advisories required at each update time. This window is used only when the experimenter
chooses to have a discrete speed changes. For instance, the speed change is usually
regulated at an increment of Mach 0.1, and the Window can be multiples of this increment.
2.5.2 Conducting the Simulation
Depending on the simulation objective, the experimenter can choose between the
Random-Traffic-Generating Version or the Actual-Traffic Version. If the experimenter
does have access to actual flight data from the ARTCCS, it is important to also request
the corresponding hourly AARs from the airport of interest.
All the necessary program required to run the simulation are provide at the back of this
thesis.
To run the simulation, first, compile all the programs. There is a makefile provided for
easy compiling. The executable file is called runsim. At the prompt, type runsim to start
the simulation. Depending on the objective again, there is a traffic management strategy
needed to be defined before running the simulation.
A screen-dump of the questions required to be answered to define the strategy is shown in
Figure 2-3. All the answers are in bold and italic form. In this case, the simulation includes
both the "ground-start" and "air-start" traffic. The simulation always starts at t = 0, and it
finishes at a user-specified time (t = 15 in this run). Then, the simulator asks the user to
choose a Holding Strategy at the Entry Fix. The First-In-First-Out (FIFO) strategy is
always exercised in all the runs within this research. The next question requires the user to
specify the Flow Control type. "0" is only used when the user does not want to exercise
DFC; choose option "3" when DFC is desired. After choosing the control type, select "2"
to issue only discrete airspeeds to all flights. At this point, the Flow Management Strategy
has completed. The next category consists of 6 different types of outputs. The user can
choose the one most suitable for his/her simulation objective. The last question is required
in the Random-Traffic Generating Version. "1" has been chosen for all of the runs that
utilize the random traffic generator.
athena% runsim
This simulation allows to test various dynamic approaches
of Air Traffic Flow Management of Arriving Aircraft at a
congested airport.
Type:
0 to have airborne aircraft only;
1 to include ground requests.
1
Type:
1 to run the simulation once for one forecast of Airport
Acceptance Rate (AARs). This forecast should be specified
in the input file;
2 to run the simulation several times, each time for one fixed AAR;
3 other (if you have modified program)
1
Enter time (hrs) at which simulation ends (simulation starts at t--0)
15
This program can test 3 holding strategies: FIFO=-, LIFO=2, COST=3
Type:
1 If you want to test only one holding strategy;
2 If you want to compare two holding strategies;
3 If you want to compare the three holding strategies;
1
First Strategy # (1,2 or 3):1
Controls choice Type:
0 for only holding and spacing controls;
1 for speed + holding and spacing controls reducing slack gaps
iteratively;
2 for speed + holding and spacing controls using a network model for
optimal assignment of delay;
3 for ground holding + speed + holding and spacing using a network
model for optimal assignment of delay.
3
About the way airspeeds are issued at each SETs-issuing time; type:
1 to issue only one airspeed;
2 to issue only one airspeed from a set of discrete values.
2
Type output choice:
1= to keep track of some statistics in time, averaged from beginning
of simulation until current simulation time;
2= Avgdelay, Avgholding_delay and Avg_cost for the whole fleet
3= same as 2 + Avg_delay, Avg_holding-delay and Avg-cost per class
4= same as 2 + Print all_planes + Avg_delay, Avg_holding_delay and
Avgcost per class
5= Print time periods and magnitude of airspeeds flown by every
aircraft
6= to keep track of some statistics in time, averaged over a fixed time
period (e.g. over 15 min.)
6
You chose to keep track of some statistics (averaged over a fixed
period) in time:
Enter the time period you want to average over. It must be an integer
number of minutes (e.g 15) equal to the interupdate time:15
For how many different seeds do you want to run your package (enter
an integer >= 1) ?
1
Figure 2-3: Screen-dump of the Flow Management Strategy questions.
Chapter 3
New Developments for the Model
The issue concerning the original model was its feasibility. In the original model, the
number of advisories issued at each update time was unconstrained. As long as the overall
costs are minimized, the model will issue any the number of speed changes, since it
assumed that the data transmission media is physically unlimited, and that TFM workload
was not important. To enhance the feasibility of the model, new developments were
needed to control the number of advisories issued. The advisories of interest are the
Ground Hold Advisory, and particularly the Speed Change Advisory since it would
involve datalink messages to the aircraft, to controllers, and to the airline operations
center.
3.1 Ground Hold Window
To decrease the number of Ground Hold Advisories given out at each update time, a
Ground Hold Window is introduced for each flight waiting to take off. The description of
the original Dynamic Resolution at each System Update for a single on-the-ground aircraft
follows and is illustrated in Figure 3-1. Starting from the left or from t = now, the aircraft's
departure time (TOT) becomes committed whenever the time of exercising the Dynamic
Resolution Logic is 30 minutes or less before the departure time. There is a
"Commitment" time which allows the operator to prepare for the guaranteed departure.
The time line can be interpreted as a series of fix departure slots. The optimal departure
slot is one where the aircraft can cruise at its optimal airspeed after it was taken off. Since
there is a range of feasible cruising speeds for each aircraft, the earliest and the latest
departure time slots are ATleft and Tright, respectively. The ATleft is the departure time
which the aircraft could meet the assigned arrival slot by flying at its minimum airspeed.
Similarly, the Tright is the departure time which the aircraft could meet the assigned
arrival slot by flying at its maximum airspeed. The range between ATleft and Tright is the
period which the Dynamic Resolution Logic does not need to issue a new TOT. The
aircraft thus remains committed to its current TOT at the current System Update.
The range of times depends on three independent factors and it can vary. The three factors
are the aircraft's minimum and maximum airspeeds and the trip distance. The following
example illustrates an undesirable attribute of the original model. If the trip distance is only
123nm and the minimum and maximum airspeeds are 350 and 500 knots, respectively, the
range becomes approximately 6 minutes ( 123nm/350 knots *60 min. - 123nm/500 knots
*60 min.). Given that the current TOT is scheduled at the center of the range, thus, each
direction has a period of 3 minutes. If the System Update is an hour before the current
TOT, then the Dynamic Resolution Logic might decide to issue a new TOT 4 minutes
ahead of the current TOT. This small change of planned departure time is of no
operational significance, but the "cost" of issuing this ground advisory is expensive if the
system has a significant number of such aircraft. It is preferable to leave TOT and use an
adjusted airspeed when the aircraft actually gets airborne.
t = now 30 min.
Departure I .
Slots Slots ATleft Current Tright
TOT
Airspeed Range
Figure 3-1: Original Dynamic Resolution Logic of Issuing Ground Hold Advisory.
To enhance the model's feasibility, one of the approaches is to fix the range of ATleft to
Tright to a specified value, called the Ground Hold Window, for example, 30 minutes; i.e.
if the TOT is not changed by more than 15 minutes, a new advisor is not issued. By
extending both ATleft and Tright 15 minutes away from the Current TOT, the Dynamic
Resolution Logic will not assign a new TOT that falls within the 30 minute range.
Therefore, the number of Ground Hold Advisories issued at each Tupdate can
significantly be reduced. Figure 3-2 shows the new Ground Hold Window constraint.
Current
TOT
t = now 30 min.
Departure
Slots no revision of departure time if
within +15 minutes of TOT
Figure 3-2 : New Dynamic Resolution Logic of Issuing Ground Hold Advisory.
3.2 Speed Change Window
The goal of the Speed Change Window is also to reduce the number of speed advisories
issued at each Tupdate. The original Dynamic Resolution Logic allowed aircraft in the
system to revise their airspeeds over a continuous range without limitation. Thus, as soon
as the number of arrivals exceeds the airport capacity or the AAR, the Logic will begin to
slow down airborne aircraft. On the other hand, whenever the congestion is relieved, the
Logic will increase the aircraft airspeeds to fill gaps in the arrival streams. However, this
again increases the workload level of the Air Traffic Controllers. Therefore, a desirable
feature of the Logic is to minimize the number of Speed Advisories at each Tupdate
without causing unnecessary delays.
In the context of speed resolution during the simulation, the aircraft airspeed changes are
designated in discrete values. The change in airspeed is at an increment of 6 knots which is
equivalent to Mach 0.01. Thus, similar to the Ground Hold Window, the new Speed Logic
involves creating a window for the current airspeed. In Chapter 4, the speed windows in
all of the cases is fixed to ± 6 knots, which is equal to the discrete constant. Figure 3-3
illustrates an example of the new Dynamic Resolution Logic of issuing Speed Advisory.
Current
.-'"AirspeedUA334
Discrete
Speeds
426 432 438 444 450 456 466 472 478
no revision if within +
6 knots
Figure 3-3 : New Dynamic Resolution Logic of Issuing Speed Advisory.
As shown in figure 3-3, the hypothetical flight UA334 is cruising at 450 knots at the
current Tupdate with a Speed Window of ± 6 knots. Since airspeed changes are
designated in discrete values, at the next System Update, Flight UA334 could accelerate
to cruise at an airspeed of 466, 472, 478 knots, or higher; on the other hand, this flight
could also decelerate to cruise at an airspeed of 438, 432, 426 knots or lower provided
that the new airspeed is within the performance limits of the aircraft; however, no airspeed
revision would be issued if the new desired airspeed is within ± 6 knots from the current
airspeed, which is 450 knots. Thus, in this case, the Cruise Speed Advisory Window takes
effect when the new desired airspeed is either 444 or 456 knots or within this range. A
speed change will exceed 466 knots, or be less than 438 knots. Although the ± 6 knots
window excludes only two discrete airspeed values, its impact on reducing the number of
Speed Advisories is approximately one-third over the original Logic.
3.3 Monotonic Speed Control
To avoid confusing pilots with up and down speed controls, another speed constraint is
introduced to the Speed Logic. At each Tupdate or System Update, the optimization
algorithm searches the best airspeeds for flight within the system. A new airspeed may be
assigned to a particular flight or it assigns the same airspeed. In the case where the Logic
assigns a new airspeed to a flight, and as long as the new airspeed is outside of the Speed
Change Window, the flight will adopt the new airspeed now until the next System Update.
The Monotonic Speed Control Logic ensures that if the flight has been accelerated at any
prior System Update, the flight would not be advised to decelerate at the current System
Update or vice versa. Since most flights would begin flight at their optimal airspeeds, the
first change of airspeed can either be a faster or slower airspeed; however, thereafter, the
changes have to be consistent with the first change of airspeed. For instance, if a flight
accelerates at the first change of airspeed, the airspeed changes thereafter can only be an
acceleration. This condition also holds if the flight decelerates at the first change of
airspeed.
Beyond this thesis, it is desirable to change the "any prior System Update" to "the last X
number of System Updates." This suggestion is explained in Chapter 6 and is called the
Monotonic Speed Window.
Chapter 4
Case Studies : Using Random Traffic Generator
This chapter studies the simulation results among various scenarios. The incoming traffic
occurred in the simulation is generated from a random traffic generator, and they
represent a hypothetical airport. All the new model developments, discussed in Chapter 3,
have already been incorporated into the simulator. Therefore, the following scenarios
provide the results of the modified DFC model. At the end, this chapter also shows a
comparison between these results and the results obtained from the original model. Each
of the scenarios has two different runs. The first run exercises the System Update every 15
min., while the second run exercises the System Update every 30 min.
4.1 Descriptions of Scenarios
The following scenarios have identical input parameters besides the Traffic Cost Structure
in the input file. Each simulation run lasts 15 hours and the AAR varies throughout the
simulation. From 0:00 to 6:59, the AAR is 60 aircraft/hour. Then, a sudden drop in the
airport landing capacity to 30 aircraft/ hour occurs between 7:00 to 9:59. Lastly, from
10:00 to 15:00, an AAR of 60 aircraft/hour is used. The arrival rate is constant at 40
aircraft/hour, and is random. Figure 4-1 illustrates the AARs throughout the simulation.
The input files for Scenario 1 to Scenario 5 are shown in the Annex, Figure 7-1 to 7-5.
AAR
60
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Figure 4-1 : Forecasted AAR for all the scenarios.
4.1.1 Scenario 1: Air Holding Only - No DFC
This is the benchmark scenario in which only air holding is used; no ground-hold and
speed advisories are issued to the flights. Aircraft exited from the Entry Fix are separated
by at least the minimum separation time which is determined by the AAR. For an AAR of
60 aircraft/hour, the duration of each entry slot is then 1 minute.
Eventually, all the aircraft arrive at the entry fixes or holding fixes, and all the scenarios
have 2 holding fixes. Since no Ground Holding Advisories are assigned, the only delays
occur at the holding fixes.
4.1.2 Scenario 2,3,4,5 :With DFC
All the following scenarios are created under Dynamic Flow Control; therefore, ground-
hold and speed advisories exist throughout the simulation.
Scenario 2
This particular run assigns a weighted 50% of the total cost to the Total Delay Cost and
another 50% to the Air holding Cost; i.e. it ignores the Flight Operating Cost and the
Traffic Flow Advisory Cost. This cost assignment aims to minimize delays associated with
each flight while providing little or no control for the algorithm to restrain the issuance of
ground-hold and speed change advisories. The delay function is linear with coefficient
$10/min., while the cost of being early (negative delay) is $1/min.
Scenario 3
The cost structure of this scenario consists of three elements: the Total Delay Cost, Air
Holding Cost, and the Flight Operating Cost. They are almost evenly weighted. In this
case, the algorithm is designed to reduce the flight operating cost, and as a result, the
delays exerted on each flight will increase. Similar to Scenario 2, the delay cost in this
scenario is linear with coefficient of $ 10/minute, and the cost of being early is $ 1/min.
Scenario 4
In this case, all of the four cost elements are evenly weighted. The algorithm would like to
distribute delays, air holding delays, flight operating cost and traffic flow advisory cost as
impartially as possible. This cost structure results in an increase of delays above Scenario
3, since to reduce the traffic flow advisories issued at each Tupdate, the algorithm will
sacrifice the degree of control over delays. The Traffic Flow Advisory Cost is $1 for each
new advisory.
Scenario 5
This is the same as Scenario 4, except that the cost of being late is now a quadratic
function with coefficient of $0.33/min2 ; i.e. the delay cost become
D = k * (SET,, - ONET) where k is the coefficient.
This change of delay function acts as an administrator to ensure a First-Come-First-Serve
system. As in Scenario 4 where the delay cost function is linear, a priority would not be
granted to an aircraft that has been ground delayed for an extensive amount of time and
could continually be delayed for a longer period. In other words, it is indifferent for the
algorithm to ground delay any of the "ground-start" aircraft. The cost of being early is set
to be zero.
4.2 Simulation Results : Tupdate = 15min.
This section discusses the simulation results for Scenario 1 to 5 using Tupdate = 15min.
only. A summary of the simulation results using Tupdate = 30min. is listed in the following
section.
Scenario 1: (See Appendix 3, Figure 7-5, 7-6, 7-7 for results.) Only air holding at the
Entry Fix is exercised in this run. At the end of the simulation, a total of 480 aircraft exited
the system in which 423 were "ground-start" aircraft (those aircraft that filed their flight
plans while they were still on the ground) and 57 were "air-start" aircraft. Since all the
delay only comes from air holding, no delay will be given to any flight as long as the AAR
is exceeding the arrival rate.
As shown in Figure 7-6, delay (D) starts to increase significantly when there exists a
shortage of capacity, i.e. t=7 to 10. The peak occurs at the end of the busy period, t=10.
Aircraft that exited during that time had been delayed for an average of 46 minutes. Note
that at 11:45 or 1 hour and 45 minutes after the capacity has increased back to 60
aircraft/hour, the delay has been disappeared. The cumulative delay for all aircraft is 5233
minutes (10.9min/aircraft).
Scenario 2: (See Appendix 3, Figure 7-8, 7-9, 7-10, 7-11 for results.) Under the control of
DFC, the cumulative delay in this run is reduced remarkably to only 3066 minutes (
6.4min/aircraft), a 41 percent reduction from Run 1. The average delay experienced by the
aircraft landing at the peak is reduced to 29 minutes as compared to 46 minutes in Run 1.
Moreover, the number of Air Holding Aircraft at t=10 is now only 5 while there were 33
in Run 1. All of these reductions signify that the DFC model has demonstrated a promising
potential. The delay reduction is achieved by using speed advisories to make aircraft arrive
before the reduction in AAR, and to fill gaps in the arrival stream.
Note that there now exists some negative delays. They exist because the cost of being late
far exceeds the cost of being early, and as a result, since this scenario does not take into
account the flight operating cost, the algorithm will "speed up" flights so that they arrive
earlier, filling gaps in the arrival flow before t = 7, and reducing the delays for subsequent
aircraft.
As shown in Figure 7-8, the Modified Hourly Exit Rate matches smoothly before and after
the shortage of capacity. In Figure 7-9, note that Ground Hold Advisories are being issued
slightly before and until the middle of the capacity shortage period.
Scenario 3: ( See Appendix 3, Figure 7-16, 7-17, 7-18, 7-19 for results.) Now we
introduce the Flight Operation Cost. The cumulative delay in this run is 3811 minutes
(7.9min/aircraft). Although the delay is 24 percent higher than in Run 2, it is still a
remarkable 27 percent reduction of Run 1.
With the addition of the Flight Operating Cost element in the cost structure, the algorithm
now prefers use ground holding of a flight, since the use of airspeed changes, whether it
accelerates or decelerates, increases flight operating costs. Speeding up requires more
fuel while slowing down increases the flight operating time and therefore, it increases
costs. On the other hand, since an aircraft on the ground does not consume fuels and
operating time, it costs nothing as far as the algorithm concerns. In this run, the total
number of Speed Advisories is 128 while there was a total of 291 in Scenario 2. The total
number of Ground Hold Advisories is 277 as compared to 201 in Scenario 2. There are
more cumulative air holding delays (AHD), (1711 minutes) in this run than in Run 2,
(1689 minutes) due to the reduced usage of speed advisories.
Scenario 4: ( See Appendix 3, Figure 7-24, 7-25, 7-26, 7-27 for results.) This is the
scenario that has an evenly distributed cost structure among the four cost elements. The
cumulative delay increases slightly to 3947 minutes (8.2min/aircraft), 136 minutes more
than in Run 3. Still, this total delay is significantly lower than in Scenario 1. The average
delay experienced by the aircraft exited at the peak (t = 10) is 33 minutes.
The addition of the Traffic Flow Advisory Cost effectively reduces the total numbers of
both Ground Hold Advisories and Speed Advisories. A total of only 20 GHAs and 137
SAs are issued; however, the reduction of Flow Advisories causes a surge in Air Holding
delay (AHD). In this run, the cumulative AHD is 3051 minutes. It means that a large
numbers of "ground-start" aircraft had not been assigned to fly at their optimal airspeeds
prior to take-off and they continued to cruise at the undesired airspeeds. Eventually, they
arrive at the Entry Fixes and are forced to air hold.
Scenario 5: ( See Appendix 3, Figure 7-32, 7-33, 7-34, 7-35 for results.) This run resulted
a similar cumulative delay of 3957 minutes as in Run 4. It still achieved a 24 percent delay
reduction as compared to Run 1. The average delay occurred at the peak is 37 minutes.
The total numbers of GHA and SA are 121 and 116, respectively. The GHA increased
tremendously as compared to Run 4 because in this scenario, the algorithm prefers to
ground delay the aircraft and assign them optimal airspeeds rather than allowing the
aircraft to take off close to their scheduled TOTs and assign them undesired airspeeds.
The algorithm is able to decrease the total AHD to only 1695 minutes as compared to
3051 in Run 4 when the delay function is not quadratic.
4.3 Simulation Result Comparison between Tupdate = 15 and 30
Table 4-1: A summary of simulation results of Tupdate = 15min. and 30min.
Cumulative
Delays (min.)
Ground Hold
Advisories
Speed
Advisories
Scenario ITupdate = 15min.
5233
3066
3811
3947
3957
Tupdate = 30min.
5233
3514
4470
4479
4525
Avg.=
Scenario ITupdate = 15min. jTupdate = 30min.
201
277
20
121
140
160
13
122
Avg.=
Scenario jTupdate = 15min. ITupdate = 30min.
291
128
137
116
180
87
114
87
Avg.=
% Diff.
14.61
17.29
13.48
14.35
15.00
% Diff
30.35
42.24
35.00
-0.83
27.00
% Diff
38.14
32.03
16.79
25.00
28.00
The input files of the scenarios with Tupdate = 30min have identical parameters as in the
Tupdate=15min scenarios except that the duration of the update time is 30 minutes. The
purpose of this sensitivity analysis is to study the effect of changing the update time
duration. We decided to experiment Tupdate = 15 and 30 minutes, since the impact of an
update time less than 15 minutes would only cause minimal effect between subsequent
System Update, while an update time greater than 30 minutes would cause the model to
lose its dynamic property.
As shown in Table 4-1, the change to update the system every 30 minutes has caused the
cumulative delays to increase in all the scenarios. The average increase is approximately
15 percent. On the other hand, this change has caused both the GHA and SA to decrease.
On the average, total GHA have been reduced 28 percent and total SA have been reduced
28 percent. The reductions can be attributed to the increase in the Tupdate. The number of
System Updates has been down to only half; therefore, fewer opportunities for the
algorithm to issue advisories. The outcomes of increasing the Tupdate to 30 minutes are
similar to the results of Scenario 4 in Section 4.2, in which a significant decrease on the
number of advisories causes the delay to soar.
A generalization can be stated on the relation between the number of advisories and the
amount of cumulative delay. The two are generally inversely proportional to each other;
ie. as the number of advisories decreases, the amount of the cumulative delay increases
and vice versa.
4.4 A Comparison of the Simulation Results between the Original and
Modified Models
A summary of the simulation results of both the original and the modified models are
shown in Appendix 5.
All the cumulative delay, GHA and SA in each of the scenarios simulated under the
modified model have shown promising improvements. The largest reduction on cumulative
delay occurs in Scenario 5 (Tupdate = 15min.) with nearly 22 percent less than the results
obtained by using the Original Model. The cumulative delays in Scenario 2,3, and 4 with
both Tupdate = 15 and 30 minutes also indicate some declines.
The major accompaniment of the modified model occurs in the total number of both GHA
and SA. On the average, the simulation results of the number of GHA and SA issued from
the modified model are approximately 46 percent and 85 percent lower than the results
obtained under the original models.
The generalization formed in Section 4.3 seems to be violated. One observation from
Appendix 5 is that the numbers of both GHA and SA have been reduced substantially
while there is still an improvement on the amount of cumulative delay. However, in this
case, the actual cause of the reduction on the total advisory is due to the three new model
developments explained in Chapter 3 and cannot be related to the same generalization.
The delay reduction resulted under the modified model can be explained by the three new
developments. The Ground Hold Window now forms a time range which the algorithm
cannot assign GHA to the "ground-start" aircraft. The algorithm thus tends to maintain the
previous TOT instead of assigning a new TOT whenever the new TOT falls within the
time window. This not only decreases the number of GHA, but also decreases the delay.
The second cause of the delay reduction is the Speed Control Window. When a new
airspeed pending to be assigned to a particular flight which is within the speed window,
the algorithm prefers to continually fly that flight at the previous airspeed. This increases
the time for the flight to cruise at its optimal airspeed, since the algorithm "discourages"
speed changes. The third cause, the Monotonic Speed Control possess the same ability to
reduce delay as well as the number of advisories.
Chapter 5
Case Studies : Actual Flight Data
Although, the results of the previous case studies have been of great importance to the
evaluation of the DFC model, all of them were based only on the hypothetical traffic data
generated from the random traffic generator. These studies did show promising and
interesting results; however, they have been shielded from the actual world, and thus lack
credibility in terms of the actual practicality.
In this chapter, we study the results of actual flight data of Chicago O'Hare obtained from
the ARTCCS. This step has moved this research a leap closer to the actual implementation
of the DFC model.
From the previous experiments, the goal of creating a capacity shortage during the
simulation is to investigate the ability of the DFC logic to cope with the subsequent
congestion and the ability to manage the traffic flow once the shortage has been relieved.
Having this goal in mind, we looked at the weather conditions over Chicago and searched
for a day when it would anticipate an adverse weather condition, and therefore, the
O'Hare Airport would experience a capacity shortage.
On October 30th, 1995, the weather suggested that there would be a storm gathering
above Chicago on the 31st, so we decided to collect flight data from the ARTCCS on that
day. Recall that the objective of the DFC model is to alleviate congestion in a short-term
basis so that a day's worth of flight data is adequate to the research.
5.1 Description of the Day Chosen
The data collection starts at an equivalent time of 1:00 Chicago local time and ends shortly
before 22:00 on October 31st, 1995. The variations of AAR on the day chosen are
illustrated in Figure 5-1. This was provided by TFM managers at O'Hare. It is not known
when they made the decisions to change AAR values.
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Figure 5-1 : Variations of AAR at ORD on Tuesday, Oct. 31st, 1995.
The AARs were obtained from ORD, and the data were starting from 6:00 to 21:00 local
time. For the simulation purpose, we assumed that the AAR from 1:00 to 5:00 was held
constant at 40 aircraft/hour. This assumption would not place any significant impact on to
the simulation, since the traffic during that period would be much less than 40
aircraft/hour.
As shown in Figure 5-1, the AAR is gradually increasing until t = 13, and suddenly, it
drops to 80 aircraft/hour. Eventually, starting at t = 15, the AAR continues to be 72
aircraft/hour till the end of the day.
The shape of this curve is not quite what we had in mind in the beginning. The airport
condition continued to improve until t = 15, and then there was a capacity shortage
beyond that time. The sudden drop is similar to the hypothetical curve that was
constructed for the study in Chapter 4. This time, however, the airport condition did not
have any improvement since t = 15. Nevertheless, these data are of great interest and
importance to this research as stated in the beginning of this chapter. The results would be
essential for the development of the DFC model.
5.2 Actual Flight Data
The actual flight data used in this study are extracted from the National Airspace Systems
(NAS) Messages. There are generally 5 different types of NAS Messages, and they are the
FS, FZ, DZ, TZ, and AZ Messages. FS contains the scheduled time for airline flights. FZ
is the flight plan filing. DZ is the departure message indicating the aircraft is airborne. TZ
is a position report for airborne aircraft. AZ is the arrival message as aircraft are dropped
from the NAS.
Only the FZ Messages are needed to run the simulation, since it contains the flight plan
filing time, and the original flight plan. The DFC simulator will control airspeeds and
change the actual position as reported in the NAS messages. An example of an FZ
message is shown below:
"1031142151CFZNWA1457/734 T/B727 430 DTW P1600 260 DTW..DUNKS.J70.PMM.PMM3.ORD/0048."
The first element contains the date, flight filing time, the center, and the message type. In
this example, the date is October 31st, 1995, and the flight filing time is 14:21:51
(Greenwich Time). The center is C and this is an FZ Message. The next element shows the
Flight Number and the flight's computer number. The third one states the aircraft type.
The fourth one specifies the planned cruise airspeed. The Flight Origin is shown by the
fifth element, and is followed by the planned Takeoff Time and planned altitude. The last
string of symbols is the routing. The very last 4 digits of the string provide an estimated
duration for the trip in minutes. There are approximately 1200 flights arriving at ORD per
day; thus, interpreting all the FZ Messages requires a substantial amount of time. As a
result, a simple program was written to extract only the FZ Messages serving to ORD
from the raw data and convert them to the format that are recognizable by the simulator.
5.3 Changes Made in the Simulation Input File
Before running the simulation, the experimenter first needs to check the maximum trip
distance among the actual flight data to see if it is greater than the Maximum Wind
Location in the Airport part of the input file as well as the Maximum Request Location in
the Traffic part of the input file. Secondly, the speed matrix in the input file may require
some changes according to the planned cruise airspeeds among the actual flight plans.
5.4 Simulation Results
Although the simulation starts at 1:00, no significant results would be generated until
6:00, there would not be any congestion occurred before that time. Therefore, all the
statistics presented in here start from 6:00, and for comparison purposes, the statistics
shown end at 21:00; however, the graphs plot results from 6:00 until the last flight from
the actual flight data has landed.
Scenario 5 was chosen to simulate the results of the actual flight data because the flow
management strategies used in the scenario are the most practical among the other four
DFC scenarios. A total of 2 pairs ( 4 runs) of simulation results using Scenario 5 are
presented in this section. In each pair, the first run uses Tupdate = 15 minutes while the
second run uses Tupdate = 30 minutes. Since the process of issuing SA involves datalink
communications between parties such as the airline, the pilots, and the ATC controllers,
minimizing the number of SA issuing is essential. Therefore, for the pairs, a 6 knot Cruise
Speed Advisory Window is assigned to the first pair of runs, while the other pair has a
Cruise Speed Advisory Window equal to 12 knots to study the effect of widening it.
Scenario 1: (See Appendix 6, Figure 7-72, 7-73 and 7-74 for results) Recall that this
scenario does not issue any GHA or SC, thus the only delay is acquired through air
holding at the Entry Fixes. The total number of landed aircraft from 6:00 to 21:00 is 1107,
and the cumulative delay is 28516 minutes (25.8 min/aircraft). The maximum average
delay for a landing aircraft is 75 min/aircraft and occurs at 22:15.
Scenario 5: (See Appendix 6 for results)
Cumulative Delay Cruise SA Window = Cruise SA Window = % Difference
6 knots 12 knots
Tupdate = 15 26588 26761 0.65
Tupdate = 30 26982 27171 0.70
Ground Hold Advisory Cruise SA Window = Cruise SA Window = % Difference
6 knots 12 knots
Tupdate = 15 597 602 0.84
Tupdate = 30 528 536 1.52
Speed Advisory Cruise SA Window = Cruise SA Window = % Difference
6 knots 12 knots
Tupdate = 15 195 153 -21.54
Tupdate = 30 141 133 -5.67
Table 5-1 : Summary of simulation results for all the Scenario 5 runs.
Table 5-1 presents the simulation results of the 4 runs mentioned above. The percentage
differences are calculated between the two Cruise SA Windows. The four cumulative
delays do not show any significant difference among them, and neither do the four Ground
Hold Advisories. The most influential effect of increasing the Cruise SA Window to 12
knots is on the number of SA issued. On the Tupdate = 15 minutes runs, doubling the
speed window reduces the number of SA issued by 21.5 percent, while on the Tupdate =
30 minute cases, the reduction is approximately 6 percent. Although the aggregated
number of SA did not improve significantly as expected after doubling the speed window,
the average number of SA at each System Update dropped from 3.25 to 2.55 between the
two Tupdate = 15 minutes cases.
Comparing them against the cumulative delay in Scenario 1, the smallest and the largest
reductions are approximately 4.7 and 6.8 percent, respectively. The decreases are much
less than the improvement achieved in the hypothetical cases, where Scenario 5 obtained a
24 percent dropped in cumulative delay comparing to Scenario 1. This result will depend
upon the Traffic-Capacity relationships of each scenario.
According to the performance charts in Annex 5, the Dynamic Flow Control Logic is able
to handle a lot more flights than the current ATC system. Especially from 11:00 to 13:00,
the DFC model handled 100 arrivals as compared to 80 arrivals by the ETMS. Although
the actual time of arrival of each flight is not known from the ATC sources at O'Hare and
thus the actual delay experienced by each flight is not available, one would infer that the
cumulative delay controlled by the Dynamic Resolution logic would be much less than the
actual cumulative delay, because the DFC model could more efficiently make use of the
capacity available in 11:00 to 13:00. It would appear that many flights into O'Hare were
canceled on this day.
The only undesired outcome of the study comes from the number of air holding aircraft at
each System Update. The maximum number of air holding aircraft is approximately 20,
and that occurs at several times during the day.
Chapter 6
6.1 Main Results
In this research, the two major results have been accomplished. The first result is
knowledge about the effect of each cost element of the DFC algorithm has on the traffic
arrival pattern. We used the hypothetical flight data to test various Traffic Flow
Management Strategies by completing a detailed sensitivity analysis in Chapter 4. We have
learned the contribution of each cost element has on the cumulative delay, air holding
delay, and the numbers of GHA and SA issued.
The second result has indicated the feasibility that this academic research could become a
part of the future ATC system. In Chapter 5, we applied the actual ORD arrival flight data
to the simulator and obtained some simulation results. The results imply that the
cumulative delay under the DFC model would be less than the actual cumulative delay
from the ETMS. Moreover, the number of dynamic Traffic Flow Advisories could be
maintained to a manageable level.
6.2 Future Directions
Within the context of this study, only one set of actual arrival flight data has been applied
to the simulator. A few more runs are advisable to provide an in-depth evaluation of the
DFC model over aircraft arriving at an actual major airport.
So far, we have prespecified the AAR throughout the simulation; however, in reality, the
forecast of AAR also varies dynamically throughout the day. Therefore, a modification to
the simulator has been considered to implement a logic that enables the experimenter to
dynamically vary the forecasted AAR and introduce forecasting error. First, the simulator
would manage the traffic flow corresponding to the first set of Forecasted AAR specified
in the input file. Then, at a later time when a change of AAR is essential, the simulator
would alter the Forecasted AAR according to the need. This can be continued until the
end of the simulation. For instance, the simulator reads the first set of Forecasted AAR as
shown in Figure 6-1. Then, at t = 5, the Traffic Flow Manager expects that the AAR
would decrease to 30 at t = 6 instead of at t = 7. The set of Forecasted AAR that the
simulator now anticipates is illustrated in Figure 6-2. This process can be done throughout
the simulation time. This complicates the Scenarios.
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Figure 6-1 : First set of Forecasted AAR read by the simulator.
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Figure 6-2 : Modified Forecasted AAR as of t = 5.
Besides the above modification, another modification that enhances the robustness of the
DFC model towards the actual world is to impose a Window on the Monotonous Speed
Control logic, called the Monotonic Speed Window. Currently, the logic restricts an
aircraft that has previously accelerated at an earlier System Update to either accelerate
again or cruise constantly at the accelerated speed. This restriction also applies to aircraft
that has previously decelerated. The purpose of this logic was to eliminate an acceleration
following by a sudden deceleration or vice verse between consecutive System Updates.
Thus, the idea behind the Monotonic Speed Window is to insert a window between the
System Update time that assigns a faster airspeed to an aircraft and the System Update
time that assigns a slower airspeed to that particular aircraft. The addition of this
Monotonic Speed Window would allow an aircraft that has previously accelerated outside
the Window to be decelerated again or vice verse. A practical range of the Window could
be 1 hour (4 System Updates), and the effect of varying the time limit window needs to be
investigated.
Appendix I
Sample Input Files for Scenario 2,3,4 and 5:
Modified Model, Tupdate = 15min (0.25 hr)
Scenario I only reads input data from the AIRPORT and TRAFFIC sections of the input
file; therefore, Scenario 1 can be run by using any of the input files shown in this section.
(See next page)
- AIRPORT
AAR Forecast:
Number of different AAR forecasted = 4
t= AAR=
0.0 60.0
7.0 30.0
10.0 60.0
15.0 60.0
Three Wind Zones on each stream:
Locations (nm):
Stream 1= 0.0 300.0 600.0 900.0
Stream 2= 0.0 300.0 600.0 900.0
Wind Magnitudes:
Stream 1= 0.0 0.0 0.0
Stream 2= 0.0 0.0 0.0
- TRAFFIC:
Request Generation Rate for the two streams (# of aircraft/hr.):
Stream I = 20.0
Stream 2 = 20.0
Fraction of requests from on-the-ground aircraft = 0.9
Minimum flight plan filling time before departure = 0.75
Maximum flight plan filling time before departure = 3.0
Requests Locations:
Stream 1:
Three Locations (nm) = 400.0 600.0 800.0
Breakdown (%) =0.30 0.30 0.40
Stream 2:
Three Locations (nm) = 400.0 600.0 800.0
Breakdown (%) = 0.30 0.30 0.40
Percentage of Small aircraft = 0.25
Percentage of Large aircraft = 0.25
Percentage of heavy aircraft = 0.50
Speed Ranges (knots):
min. nora. max.
Small = 400.0 450.0 500.0
Large = 450.0 500.0 550.0
Heavy= 500.0 550.0 600.0
- DFC:
Tupdate (hr.) = 0.25
Tfreeze (hr.) = 0.5
Commitment to current departure time = 0.5
Ground Hold Window Tmne = 0.25
Cruise Speed Advisory Window (Knots) = 6.0
Arc Cost:
Delay cost choice (1 :Linear. 2:Quadratic) = I
weight of Delay Cost = 50.0
weight of Holding Delay Cost = 50.0
weight of Flight Operating Cost = 0.0
weight of Traffic Flow Advisory Cost = 0.0
Delay Cost:
cost per squared minute of late delay (S/mrain) = 10.0 10.0 10.0
cost per minute of early delay (S/min) = 1.0 1.0 1.0
Holding Delay Cost:
cost per minute of holding delay ($/min) = 30.0 30.0 30.0
Incremental Flight Operating Cost:
Operating Time Cost:
Operating Time Cost per minute of flight ($/mrin) = 1.0 1.0 1.0
Fuel Cost:
Fuel Burn Rate per knot above optimum speed (b/hr/knot) = 30.0 30.0 30.0
Fuel Burn Rate per knot below optimum speed (b/hr/knot) = 15.0 15.0 15.0
Nominal Fuel Burn Rate (lb/hr) = 4000.0 6000.0 8000.0
cost of fuel per lb ($/lb) = 0.6
Traffic Flow Advisory Cost:
cost of issuing a new Cruise Speed (S) = 1.0
cost of issuing a new Ground Hold (S) = 1.0
- SIMULATION ALGORITHM:
Maximum additional ground hold issued at every update to each a/c = 4.0
Maximum air holding issued at every update to each a/c = 2.0
Figure 7-1: Input File for Scenario 2.
- AIRPORT
AAR Forecast:
Number of different AAR forecasted = 4
t= AAR=
0.0 60.0
7.0 30.0
10.0 60.0
15.0 60.0
Three Wind Zones on each stream:
Locations (nm):
Stream 1= 0.0 300.0 600.0 900.0
Stream 2= 0.0 300.0 600.0 900.0
Wind Magnitudes:
Stream I= 0.0 0.0 0.0
Stream 2= 0.0 0.0 0.0
- TRAFFIC:
Request Generation Rate for the two streams (# of aircraft/hr.):
Stream I = 20.0
Stream 2 = 20.0
Fraction of requests from on-the-ground aircraft = 0.9
Minimum flight plan filling time before departure = 0.75
Maximum flight plan filling time before departure = 3.0
Requests Locations:
Stream 1:
Three Locations (nm) = 400.0 600.0 800.0
Breakdown (%) =0.30 0.30 0.40
Stream 2:
Three Locations (nm) = 400.0 600.0 800.0
Breakdown (%) = 0.30 0.30 0.40
Percentage of Small aircraft = 0.25
Percentage of Large aircraft = 0.25
Percentage of heavy aircraft = 0.50
Speed Ranges (knots):
min. nom. max.
Small = 400.0 450.0 500.0
Large = 450.0 500.0 550.0
Heavy= 500.0 550.0 600.0
- ImFC:
Tupdate (hr.) = 0.25
Tfreeze (hr.) = 0.5
Commitment to current departure time = 0.5
Ground Hold Window Tunime = 0.25
Cruise Speed Advisory Window (Knots) = 6.0
Arc Cost:
Delay cost choice (l:Linear, 2:Quadratic) = 1
weight of Delay Cost = 34.0
weight of Holding Delay Cost = 33.0
weight of Flight Operating Cost = 33.0
weight of Traffic Flow Advisory Cost = 0.0
Delay Cost:
cost per squared minute of late delay (S/min) = 10.0 10.0 10.0
cost per minute of early delay ($/min) = 1.0 1.0 1.0
Holding Delay Cost:
cost per minute of holding delay (S/min) = 30.0 30.0 30.0
Incremental Flight Operating Cost:
Operating Time Cost:
Operating Tune Cost per minute of flight (S/min) = 1.0 1.0 1.0
Fuel Cost:
Fuel Bum Rate per knot above optimum speed 0b/hr/knot) = 30.0 30.0 30.0
Fuel Burn Rate per knot below optimum speed (lb/hr/knot) = 15.0 15.0 15.0
Nominal Fuel Burn Rate (b/hr) =4000.0 6000.0 8000.0
cost of fuel per lb ($/lb) = 0.6
Traffic Flow Advisory Cost:
cost of issuing a new Cruise Speed ($) = 1.0
cost of issuing a new Ground Hold ($) = 1.0
-SIMULATION ALGORITHM:
Maximum additional ground hold issued at every update to each a/c = 4.0
Maximum air holding issued at every update to each a/c = 2.0
Figure 7-2: Input File for Scenario 3.
- AIRPORT
AAR Forecast:
Number of different AAR forecasted= 4
t= AAR=
0.0 60.0
7.0 30.0
10.0 60.0
15.0 60.0
Three Wind Zones on each stream:
Locations (nm):
Stream = 0.0 300.0 600.0 900.0
Stream 2= 0.0 300.0 600.0 900.0
Wind Magnitudes:
Stream I= 0.0 0.0 0.0
Stream 2= 0.0 0.0 0.0
- TRAFFIC:
Request Generation Rate for the two streams (# of aircraft/hr.):
Stream I = 20.0
Stream 2 = 20.0
Fraction of requests from on-the-ground aircraft = 0.9
Minimum flight plan filling time before departure = 0.75
Maximum flight plan filling time before departure = 3.0
Requests Locations:
Stream 1:
Three Locations (nm) = 400.0 600.0 800.0
Breakdown (%) = 0.30 0.30 0.40
Stream 2:
Three Locations (nm) = 400.0 600.0 800.0
Breakdown (%) = 0.30 0.30 0.40
Percentage of Small aircraft = 0.25
Percentage of Large aircraft = 0.25
Percentage of heavy aircraft = 0.50
Speed Ranges (knots):
min. nom. max.
Small = 400.0 450.0 500.0
Large = 450.0 500.0 550.0
Heavy= 500.0 550.0 600.0
- IIDFC:
Tupdate (hr.) = 0.25
Tfreeze (hr.) = 0.5
Commitment to current departure time = 0.5
Ground Hold Window Ttme = 0.25
Cruise Speed Advisory Window (Knots) = 6.0
Arc Cost:
Delay cost choice (l:Linear., 2Quadratic) = 1
weight of Delay Cost = 25.0
weight of Holding Delay Cost = 25.0
weight of Flight Operating Cost = 25.0
weight of Traffic Flow Advisory Cost = 25.0
Delay Cost:
cost per squared minute of late delay (S/min) = 10.0 10.0 10.0
cost per minute of early delay ($/min) = 1.0 1.0 1.0
Holding Delay Cost:
cost per minute of holding delay ($/min) = 30.0 30.0 30.0
Incremental Flight Operating Cost:
Operating Timune Cost:
Operating Time Cost per minute of flight ($/min) = 1.0 1.0 1.0
Fuel Cost:
Fuel Burn Rate per knot above optimum speed (lb/hr/knot) = 30.0 30.0 30.0
Fuel Bum Rate per knot below optimum speed (b/hr/knot) = 15.0 15.0 15.0
Nominal Fuel Burn Rate (b/hr) = 4000.0 6000.0 8000.0
cost of fuel per lb ($/lb) = 0.6
Traffic Flow Advisory Cost:
cost of issuing a new Cruise Speed (S) = 1.0
cost of issuing a new Ground Hold ($) = 1.0
- SIMULATION ALGORITHM:
Maximum additional ground hold issued at every update to each a/c = 4.0
Maximum air holding issued at every update to each a/c = 2.0
Figure 7-3: Input File for Scenario 4.
- AIRPORT
AAR Forecast:
Number of different AAR forecasted = 4
t= AAR=
0.0 60.0
7.0 30.0
10.0 60.0
15.0 60.0
Three Wind Zones on each stream:
Locations (nm):
Stream 1= 0.0 300.0 600.0 900.0
Stream 2= 0.0 300.0 600.0 900.0
Wind Magnitudes:
Stream 1= 0.0 0.0 0.0
Stream 2= 0.0 0.0 0.0
- TRAFFIC:
Request Generation Rate for the two streams (# of aircraft/hr.):
Stream I = 20.0
Stream 2 = 20.0
Fraction of requests from on-the-ground aircraft = 0.9
Minimum flight plan filling time before departure = 0.75
Maximum flight plan filling time before departure = 3.0
Requests Locations:
Stream 1:
Three Locations (nm) =400.0 600.0 800.0
Breakdown (%) = 0.30 0.30 0.40
Stream 2:
Three Locations (nm) =400.0 600.0 800.0
Breakdown (%) = 0.30 0.30 0.40
Percentage of Small aircraft = 0.25
Percentage of Large aircraft = 0.25
Percentage of heavy aircraft = 0.50
Speed Ranges (knots):
min. nom. max.
Small = 400.0 450.0 500.0
Large = 450.0 500.0 550.0
Heavy= 500.0 550.0 600.0
- IIDFC:
Tupdate (hr.) = 0.25
Tfreeze (hr.) = 0.5
Commitment to current departure time = 0.5
Ground Hold Window Time = 0.25
Cruise Speed Advisory Window (Knots) = 6.0
Arc Cost:
Delay cost choice (l:Linear, 2:Quadratic) = 2
weight of Delay Cost = 25.0
weight of Holding Delay Cost = 25.0
weight of Flight Operating Cost = 25.0
weight of Traffic Flow Advisory Cost = 25.0
Delay Cost:
cost per squared minute of late delay (S/min) = 0.33 0.33 0.33
cost per minute of early delay (S/min) = 0.0 0.0 0.0
Holding Delay Cost:
cost per minute of holding delay ($/min) = 30.0 30.0 30.0
Incremental Flight Operating Cost:
Operating Time Cost:
Operating Time Cost per minute of flight ($/min) = 1.0 1.0 1.0
Fuel Cost:
hPel Burn Rate per knot above optimum speed Ob/hr/knot) = 30.0 30.0 30.0
Fuel Bum Rate per knot below optimum speed (b/hr/knot) = 15.0 15.0 15.0
Nominal Fuel Bum Rate (lb/hr) =4000.0 6000.0 8000.0
cost of fuel per lb ($/lb) = 0.6
Traffic Flow Advisory Cost:
cost of issuing a new Cruise Speed (S) = 1.0
cost of issuing a new Ground Hold (S) = 1.0
- SIMULATION ALGORITIM:
Maximum additional ground hold issued at every update to each a/c = 4.0
Maximum air holding issued at every update to each a/c = 2.0
Figure 7-4: Input File for Scenario 5.
Appendix 2: Result Notations
This section defines the notations appeared on the simulation results. For each run, we
show the resulting statistics followed by three plots. The statistics provide the following
information (The explainations of the notations are extracted from Reference [1]):
* t is the simulation time in hours.
* E is the number of aircraft that exited the Entry Fix between t - 0.25 (i.e. t - 15 minutes) and t.
* Ea is the number of "air-start" aircraft which exited the Entry Fix in the same period. An air-
start aircraft entered the system while airborne.
* Eg is the number of "ground-start" aircraft which exited the Entry Fix in the same period. A
ground-start aircraft first made its request for arriving at the airport under congestion
management as it was flying toward, or when it was already on the ground--at-an intermediate
airport.
* D is the delay averaged over all aircraft (in min.) which entered the Terminal Area between t - 15
minutes and t ( that is to say averaged over E aircraft). This delay is the total delay over the
original requested time; i.e. it is the difference between the Actual Exit Time (AET) and the
Original Nominal Exit Time (ONET) from the Entry Fix.
* Da is the averaged delay (AET - ONET) in minutes over all air-start aircraft (Ea) which entered
the Terminal Area between t - 15 minutes and t.
* Dg is the averaged delay (AET - ONET) in minutes over all ground-start aircraft (Eg) which
entered the Terminal Area between t - 15 minutes and t.
* AHD is the Air Holding Delay (in min.) averaged over all E aircraft. For each aircraft, the
holding delay is the difference between the Actual Exit Time (AET) and the Actual Arrival Time
(AAT) at the Entry fix.
* AHDa is the averaged holding delay (AET - AAT) in minutes over all air-start aircraft which
entered the Terminal Area between t - 15 minutes and t.
* AHDg is the averaged holding delay (AET - AAT) in minutes over all ground-start aircraft which
entered the Terminal Area between t - 15 minutes and t.
* Egd is the number of ground-start aircraft which were issued a ground delay at their originating
airport, and which exited the Entry Fix of the airport under congestion management between t -
15 minutes and t.
* Gdgd is the averaged Ground Delay (or ground hold) in minutes that those Egh aircraft endured.
* SC is the averaged number of speed changes (or speed advisories) that all aircraft which entered
the Terminal Area between t - 15 minutes and t were issued during their inbound flight.
* T gives an indication of the average time each of the E aircraft spent in the system, air holding
not included. It is given in minutes.
* N is the number of aircraft in the system at update time t. It gives us an idea of the size of the
problem which must be solvoed by the Dynamic Resolution Logic.
* Nhl is the number of aircraft in air hold at Entry Fix 1 at update time t.
* Nh2 is the number of aircraft in air hold at Entry Fix 2 at update time t.
* Ng is the number of aircraft on the ground awaiting to take-off at update time t.
* Ngd is the number of aircraft with an issued ground delay at time t ( we keep track of Ngh only in
Scenario 5).
* GHA is the number of Ground Hold Advisories which were issued to the fleet when Tupdate = t.
* CSA is the number of Speed Advisories which were issued to the fleet at time t.
The last row of the statistics "Fleet Sum" provides the sum over time of E, Ea, Eg; the cumulative
values (over time) of D, Da, Dg, AHD, AHDa, AHDg; the sum of all Edg; the cumulative value
of Gdgd (over all Egd aircraft); and the total number of GHA and CSA. Thus, this line is used to
give an overall rating on the run.
The three plots following each data sheet are:
* "Overall Performance vs. Time" shows the Modified Arrival Rate (the arrival rate at
the Entry Fix that is controlled by the Dynamic Resolution Logic), Actual Arrival Rate
(the arrival rate at the Entry Fix that otherwise would occur if the Dynamic Resolution
Logic were not exercised), Number of Air Holding Aircraft and the Forecasted AAR
against the Simulation Time.
* "Traffic Flow Management Advisories vs. Time" plots GHA and CSA versus
simulation time.
* "Delays vs. Time" plots D, AHD and Ground Hold Delay (GHD) versus simulation
time. GHD is the averaged Ground Hold Delay for all aircraft whcih landed between t
- 15 minutes and t. Thus, it is given by:
Egd * GDgd
GHD = E
Appendix 3
Simulation Results for the Modified Model (Hypothetical Data):
Scenario 1
* Original / Modified Model (Note that their results are identical despite of the model
used); Tupdate = 15min.
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Figure 7-6: Overall Performance vs. Time
Figure 7-7 : Delays vs. Time (in this case, D=AHD)
Scenario 1: Original/Modified Model, Tupdate = 15min.
Scenario 2
Total of 2 different runs:
* Modified Model; Tupdate = 15min.
* Modified Model; Tupdate = 30min.
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Figure 7-9: Overall Performance vs. Time
- Forecasted AAR - Ground Hold Adv. •..... Speed Adv.
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Figure 7-10: Traffic Flow Management Advisories vs. Time
Scenario 2: Modified Model, Tupdate = 15min.
62
Figure 7-11 : Delays vs. Time
Scenario 2: Modified Model, Tupdate = 15min.
Figure 7-12 : Simulation Statistics
t E Ea Eq D Da Dg AHD AHDa AHDg Egd GDgd SC T N Nhl Nh2 Ng Ngd GHA CSA
0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 21 0 0 18 0 0 1
1 1 1 0 0 0 0 0 0 0 0 53.33 35 0 0 32 0 0 0
1.5 1 1 0 -0.78 -0.78 0 0 0 0 0 0 1 64.68 57 0 0 47 0 0 2
2 1 1 0 0 0 0 0 0 0 0 0 96 82 0 0 67 0 0 1
2.5 3 2 1 0 0 0 0 0 0 0 0 0 93.99 97 0 0 72 0 0 5
3 9 2 7 -0.24 -0.68 -0.11 0 0 0 0.22 131.43 111 1 0 75 0 0 6
3.5 13 3 10 -0.46 -0.32 -0.51 0.13 0.38 0.06 0 0 0.38 134.02 114 0 0 74 0 0 12
4 15 2 13 -0.4 -0.8 -0.34 0.08 0.12 0.07 0 0 0.4 161.84 129 0 0 81 0 0 8
4.5 16 2 14 -0.51 -1.36 -0.39 0.21 0 0.24 0 0 0.5 151.33 128 0 0 73 0 0 7
5 29 3 26 0.33 1.12 0.24 0.86 1.12 0.83 0 0 0.34 182.39 123 0 0 72 0 0 20
5.5 12 2 10 -0.29 0.02 -0.35 0.25 0.02 0.3 0 0 0.5 168.49 129 0 0 58 0 0 3
6 23 7 16 -1.19 -1.55 -1.04 0.48 0.74 0.37 0 0 0.65 151.6 129 3 1 70 0 0 16
6.5 30 3 27 3 -0.16 3.36 4.06 3.12 4.16 0 0 0.3 180.39 128 4 1 77 27 27 5
7 28 4 24 0.27 0.12 0.3 1.94 0.88 2.12 0 0 0.57 179.5 125 0 1 82 42 27 0
7.5 15 5 10 3.03 3.93 2.58 5.16 5.76 4.86 0 0 0.53 143.63 129 1 1 88 63 46 2
8 15 0 15 3.83 0 3.83 3.83 0 3.83 0 0 0 195.13 129 2 0 87 57 11 2
8.5 15 0 15 7.54 0 7.54 6.09 0 6.09 1 18.4 0.07 198.68 133 3 3 88 47 18 3
9 15 0 15 12.12 0 12.12 7.16 0 7.16 6 13.8 0.13 185.28 135 5 1 78 28 10 3
9.5 15 2 13 23.35 11.93 25.11 10.9 11.93 10.74 9 21 0.13 180.42 138 1 3 67 15 1 5
10 15 2 13 25.76 8.55 28.41 8.7 8.55 8.72 12 21.9 0.13 166.16 143 3 6 63 4 0 5
10.5 30 1 29 37.51 8.99 38.5 9.8 8.99 9.83 24 34.9 0.23 212.31 129 7 8 66 0 0 0
11 30 2 28 26.81 11.24 27.93 11.53 11.24 11.55 19 23.6 0.13 200.46 114 4 2 55 0 0 16
11.5 30 1 29 15.39 1.46 15.87 5.28 1.46 5.41 9 34 0.03 190.49 99 1 0 57 0 0 13
12 15 0 15 -0.38 0 -0.38 0.28 0 0.28 0 0 0.4 183.43 104 0 0 60 0 0 5
12.5 26 2 24 -1.43 -2.19 -1.37 0.95 1.46 0.91 0 0 0.85 170.15 91 0 0 53 0 0 7
13 12 2 10 -1.01 -1.12 -0.99 0.08 0.01 0.1 0 0 0.42 177.06 99 0 1 56 0 0 7
13.5 19 3 16 -0.14 -0.11 -0.14 0.28 0.17 0.3 0 0 0.42 164.46 95 0 0 55 0 0 3
14 19 2 17 -0.27 -0.8 -0.21 0.21 0 0.23 0 0 0.42 175.26 89 0 0 52 0 0 6
14.5 14 2 12 -0.07 0.1 -0.09 0.13 0.54 0.06 0 0 0.21 151.66 91 0 0 45 0 0 11
15 14 0 14 -0.1 0 -0.1 0.14 0 0.14 0 0 0.29 179.55 95 0 0 49 0 0 6
Fleet Sum 480 57 423 3514 70.32 3444 1690 130.1 1560 80 2146 140 180
Scenario 2 : Modified Model, Tupdate = 30min.
- Foreasted AAR -- Modified Hourly Exit Rate
...... Actual Hourly Arrival Rate - Number of Air Holding Aircraft
2 3 4 5 6 7 8 9 10 11 12 13 14 15
Time (hrs)
Figure 7-13 : Overall Performance vs. Time
Figure 7-14: Traffic Flow Management Advisories vs. Time
Scenario 2: Modified Model, Tupdate = 30min.
Figure 7-15 : Delays vs. Time
Scenario 2 : Modified Model, Tupdate = 30min.
Scenario 3
Total of 2 different runs:
* Modified Model; Tupdate = 15min.
* Modified Model; Tupdate = 30min.
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Figure 7-17: Overall Performance vs. Time
Figure 7-18: Traffic Flow Management Advisories vs. Time
Scenario 3: Modified Model, Tupdate = 15min.
Forecasted AAR - Delay ...... Air Holding Delay .............. Ground Hold Delay (GHD)
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Figure 7-19: Delays vs. Time
Scenario 3: Modified Model, Tupdate = 15min.
Figure 7-20 : Simulation Statistics
t E Ea Eg D Da Dg AHD AHDa AHDg Egd GDgd SC T N Nhl Nh2 Ng Ngd GHA CSA
0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 21 0 0 18 0 0 0
1 1 1 0 0 0 0 0 0 0 0 0 0 53.33 35 0 0 32 0 0 0
1.5 1 1 0 0 0 0 0 0 0 0 0 0 65.45 57 0 0 47 0 0 0
2 1 1 0 0 0 0 0 0 0 0 0 0 96 82 0 0 67 0 0 2
2.5 3 2 1 0 0 0 0 0 0 0 0 0 93.99 97 0 0 72 0 0 2
3 9 2 7 -0.47 0 -0.61 0 0 0 0 0 0.11 131.2 111 0 0 75 0 0 6
3.5 14 3 11 -0.83 -0.24 -1 0.07 0.02 0.08 0 0 0.21 133.25 113 0 0 74 0 0 1
4 14 2 12 -0.95 0.21 -1.15 0.2 0.21 0.2 0 0 0.29 159.92 129 0 0 81 0 0 5
4.5 17 2 15 -0.77 0.36 -0.92 0.2 0.36 0.18 0 0 0.18 158.12 127 0 0 . 73 0 0 5
5 27 3 24 0.25 0.88 0.17 0.71 0.88 0.69 0 0 0.19 176.74 124 0 1 72 0 0 10
5.5 13 2 11 -0.36 0 -0.42 0.37 0 0.43 0 0 0.15 178.39 129 0 0 58 0 0 1
6 22 6 16 -0.71 0.82 -1.28 0.8 0.92 0.76 0 0 0.36 154.89 130 5 1 70 0 0 6
6.5 30 4 26 3.81 4.58 3.7 4.74 4.58 4.77 0 0 0.2 174.32 129 5 1 77 29 29 3
7 26 4 22 2.01 0.17 2.34 2.42 0.37 2.79 0 0 0.12 178.92 128 0 0 82 52 40 2
7.5 15 4 11 7.03 9.58 6.1 8.3 9.58 7.83 0 0 0.33 154.43 132 4 1 92 73 48 2
8 15 1 14 10.43 16.39 10 10.34 16.39 9.91 0 0 0.2 189.84 132 2 4 93 62 2 1
8.5 15 0 15 12.29 0 12.29 12.29 0 12.29 0 0 0 199.97 136 2 2 95 60 33 1
9 15 0 15 17.3 0 17.3 8.06 0 8.06 9 15.7 0.13 198.62 138 5 2 85 40 7 1
9.5 15 2 13 22.54 14.15 23.83 10.69 14.15 10.16 8 22.7 0.13 163.22 141 0 2 73 21 1 1
10 15 2 13 30.07 3.76 34.12 5.67 3.76 5.96 12 30.6 0.07 174.41 146 5 5 64 4 0 5
10.5 30 1 29 36.68 10.2 37.6 9.35 10.2 9.32 24 34 0.03 210.46 132 4 4 66 0 0 0
11 30 2 28 38.67 10.45 40.69 8.47 10.45 8.33 21 42.3 0.17 216.24 117 7 4 55 0 0 5
11.5 30 1 29 20.2 4.68 20.73 9.01 4.68 9.16 14 24 0 200.71 102 3 1 57 0 0 4
12 18 0 18 0.68 0 0.68 0.94 0 0.94 0 0 0.11 176.18 104 0 0 60 0 0 2
12.5 26 2 24 0.17 1.1 0.1 1.32 1.1 1.34 0 0 0.27 171.39 91 0 0 53 0 0 3
13 10 2 8 -0.17 0 -0.21 0.17 0 0.22 0 0 0.1 170.78 101 1 2 56 0 0 4
13.5 21 3 18 0.44 0.23 0.48 0.81 0.23 0.9 0 0 0.19 169.12 95 0 0 55 0 0 2
14 19 2 17 -0.48 0.13 -0.56 0.18 0.13 0.19 0 0 0.21 175.08 89 0 0 52 0 0 3
14.5 14 2 12 -0.63 0.28 -0.78 0.05 0.28 0.01 0 0 0.14 154.92 91 0 0 45 0 0 6
15 14 0 14 -0.63 0 -0.63 0.13 0 0.13 0 0 0.21 175.28 95 0 0 49 0 0 4
Fleet Sum 480 57 423 4470 157 4313 1965 159.2 1806 88 2731 160 87
Scenario 3 : Modified Model, Tupdate = 30min.
Figure 7-21 : Overall Performance vs. Time
Figure 7-22: Traffic Flow Management Advisories vs. Time
Scenario 3: Modified Model, Tupdate = 30min.
Figure 7-23 : Delays vs. Time
Scenario 3: Modified Model, Tupdate = 30min.
Scenario 4
Total of 2 different runs:
* Modified Model; Tupdate = 15min.
* Modified Model; Tupdate = 30min.
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Forecasted AAR -- Modified Hourly Exit Rate
...... Actual Hourly Arrival Rate - Number of Air Holding Aircraft
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Figure 7-25: Overall Performance vs. Time
- Forecasted AAR - Ground Hold Adv. .-- -Speed Adv.
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Figure 7-26: Traffic Flow Management Advisories vs. Time
Scenario 4: Modified Model, Tupdate = 15min.
- Forecasted AAR - Delay ...... Air Holding Delay .............. Ground Hold Delay (GHD)
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Figure 7-27" Delays vs. Time
Scenario 4: Modified Model, Tupdate = 15min.
Figure 7-28 : Simulation Statistics
t E Ea Eg D Da Dg AHD AHDa AHDg Egd GDd SC T N Nhl Nh2 Ng Ngd GHA CSA
0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 21 0 0 18 0 0 0
1 1 1 0 0 0 0 0 0 0 0 0 0 53.33 35 0 0 32 0 0 0
1.5 1 1 0 0 0 0 0 0 0 0 0 0 65.45 57 0 0 47 0 0 0
2 1 1 0 0 0 0 0 0 0 0 0 0 96 82 0 0 67 0 0 2
2.5 3 2 1 0 0 0 0 0 0 0 0 0 93.99 97 0 0 72 0 0 1
3 9 2 7 -0.47 0 -0.61 0 0 0 0 0 0.11 131.2 111 0 0 75 0 0 6
3.5 14 3 11 -0.69 0 -0.88 0.16 0 0.2 0 0 0.14 133.3 113 0 0 74 0 0 1
4 14 2 12 -0.95 0.21 -1.14 0.21 0.21 0.21 0 0 0.29 160.2 129 0 0 81 0 0 4
4.5 17 2 15 -0.76 0.36 -0.91 0.2 0.36 0.18 0 0 0.18 157.01 127 0 0. 73 0 0 5
5 27 3 24 0.51 1.15 0.43 0.91 1.15 0.88 0 0 0.15 177.35 124 0 1 72 0 0 10
5.5 13 2 11 -0.36 0 -0.42 0.37 0 0.43 0 0 0.15 178.39 129 0 0 58 0 0 1
6 22 6 16 -0.71 0.82 -1.28 0.8 0.92 0.76 0 0 0.36 154.89 130 5 1 70 0 0 5
6.5 30 4 26 3.81 4.58 3.7 4.74 4.58 4.77 0 0 0.2 174.32 129 5 1 77 0 0 3
7 26 4 22 2.01 0.17 2.34 2.42 0.37 2.79 0 0 0.12 178.92 128 0 0 82 0 0 2
7.5 15 4 11 7.03 9.58 6.1 8.3 9.58 7.83 0 0 0.33 154.43 132 4 1 82 2 2 1
8 15 1 14 10.43 16.39 10 9.88 16.39 9.41 0 0 0.13 190.3 132 2 4 74 7 5 5
8.5 15 0 15 12.29 0 12.29 12.29 0 12.29 0 0 0 199.97 136 6 6 72 12 6 15
9 15 0 15 19.22 0 19.22 18.86 0 18.86 0 0 0.07 189.03 138 12 5 74 11 0 5
9.5 15 1 14 28.08 29.91 27.95 26.92 29.91 26.71 0 0 0.27 174.74 141 9 15 67 8 0 9
10 15 1 14 36.67 34.38 36.83 35.23 34.38 35.29 0 0 0.33 165.37 146 10 11 65 5 0 7
10.5 30 3 27 36.97 32.91 37.42 30.29 31.49 30.16 2 48.8 0.63 183.22 132 13 6 66 0 0 1
11 30 2 28 27.27 15.45 28.11 18.28 15.45 18.49 5 46.2 0.3 190.32 117 6 8 55 0 0 5
11.5 30 1 29 24.29 4.68 24.96 12.87 4.68 13.15 5 63.6 0.17 194.51 102 3 1 57 0 0 4
12 18 0 18 0.68 0 0.68 0.94 0 0.94 0 0 0.11 176.18 104 0 0 60 0 0 2
12.5 26 2 24 0.17 1.1 0.1 1.32 1.1 1.34 0 0 0.27 171.39 91 0 0 53 0 0 2
13 10 2 8 -0.17 0 -0.21 0.17 0 0.22 0 0 0.1 170.78 101 1 2 56 0 0 4
13.5 21 3 18 0.44 0.23 0.48 0.81 0.23 0.9 0 0 0.14 169.12 95 0 0 55 0 0 2
14 19 2 17 -0.48 0.13 -0.56 0.18 0.13 0.19 0 0 0.21 175.08 89 0 0 52 0 0 3
14.5 14 2 12 -0.63 0.28 -0.78 0.05 0.28 0.01 0 0 0.14 154.92 91 0 0 45 0 0 5
15 14 0 14 -0.63 0 -0.63 0.13 0 0.13 0 0 0.21 175.28 95 0 0 49 0 0 4
Fleet Sum 480 57 423 4479 285.5 4193 3852 282.7 3570 12 647 1 1 13 114
Scenario 4 : Modified Model, Tupdate = 30min.
- Forecasted AAR --- Modified Hourly Exit Rate
...... Actual Hourly Arrival Rate - Number of Air Holding Aircraft
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Figure 7-29 : Overall Performance vs. Time
- Forecasted AAR - Ground Hold Adv. ------ Speed Adv.
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Figure 7-30: Traffic Flow Management Advisories vs. Time
Scenario 4: Modified Model, Tupdate = 30min.
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Figure 7-31 : Delays vs. Time
Scenario 4 : Modified Model, Tupdate = 30min.
80
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Scenario 5
Total of 2 different runs:
* Modified Model; Tupdate = 15min.
* Modified Model; Tupdate = 30min.
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Figure 7-33 : Overall Performance vs. Time
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Figure 7-34: Traffic Flow Management Advisories vs. Time
Scenario 5: Modified Model, Tupdate = 15min.
Forecasted AAR - Delay ------ Air Holding Delay """"""............. Ground Hold Delay (GHD)
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Figure 7-35 : Delays vs. Time
Scenario 5: Modified Model, Tupdate= 15min.
84
Figure 7-36 : Simulation Statistics
t E Ea Eg D Da Dq AHD AHDa AHDg Egd GDgd SC T N Nhl Nh2 Ng Ngd GHA CSA
0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 21 0 0 18 0 0 0
1 1 1 0 0 0 0 0 0 0 0 0 0 53.33 35 0 0 32 0 0 0
1.5 1 1 0 0 0 0 0 0 0 0 0 0 65.45 57 0 47 0 0 0
2 1 1 0 0 0 0 0 0 0 0 0 0 96 82 0 0 67 0 0 3
2.5 3 2 1 0 0 0 0 0 0 0 0 0 93.99 97 0 0 72 0 0 1
3 9 2 7 -0.47 0 -0.61 0 0 0 0 0 0.11 131.2 111 0 0 75 0 0 6
3.5 14 3 11 -1.06 0.21 -1.41 0.2 0.21 0.2 0 0 0.21 132.89 113 0 0 74 0 0 2
4 14 2 12 -0.95 0.21 -1.14 0.21 0.21 0.21 0 0 0.29 160.2 129 0 0 81 0 0 5
4.5 17 2 15 -0.76 0.36 -0.91 0.2 0.36 0.18 0 0 0.18 157.01 127 0 0 73 0 0 5
5 27 3 24 0.46 1.48 0.33 1.27 1.48 1.24 0 0 0.22 176.89 124 0 2 72 0 0 9
5.5 13 2 11 -0.26 0 -0.3 0.47 0 0.55 0 0 0.15 178.51 129 0 0 58 0 0 2
6 22 6 16 -0.69 1.51 -1.52 0.93 1.51 0.71 0 0 0.32 154.78 130 5 1 70 0 0 5
6.5 30 4 26 3.81 4.58 3.7 4.74 4.58 4.77 0 0 0.2 174.32 129 5 1 77 38 38 3
7 26 4 22 2.01 0.17 2.34 2.46 0.37 2.84 0 0 0.15 178.88 128 0 0 82 56 25 2
7.5 15 4 11 7.28 8.84 6.72 8.56 9.01 8.39 0 0 0.33 154.43 132 4 1 91 79 32 2
8 15 1 14 10.68 16.64 10.26 10.13 16.64 9.66 0 0 0.13 190.3 132 2 4 90 73 9 2
8.5 15 0 15 12.54 0 12.54 12.54 0 12.54 0 0 0 199.97 136 4 2 95 72 13 0
9 15 1 14 18.16 6.18 19.02 7.42 6.18 7.51 8 19.4 0.2 189.06 138 2 2 89 52 3 2
9.5 15 1 14 30.21 8.64 31.75 8.2 8.64 8.17 14 23.9 0.07 197.71 141 1 3 76 28 2 2
10 15 2 13 35.59 14.03 38.9 10.59 11.9 10.38 13 28.4 0.13 186.16 146 3 4 64 5 0 3
10.5 30 1 29 43.08 7.47 44.31 7.24 7.47 7.23 28 38.1 0.07 208.52 132 1 1 66 0 0 2
11 30 2 28 29.49 10.72 30.83 7.14 10.72 6.89 27 24.6 0.1 209.22 117 1 2 55 0 0 3
11.5 30 1 29 17.14 4.94 17.56 6.88 4.94 6.95 15 20.1 0.07 197.19 102 3 1 57 0 0 4
12 18 0 18 0.78 0 0.78 1 0 1 0 0 0.06 176.22 104 0 0 60 0 0 3
12.5 26 2 24 0.37 1.1 0.31 1.29 1.1 1.3 0 0 0.23 171.61 91 0 0 53 0 0 3
13 10 2 8 -0.17 0 -0.21 0.17 0 0.22 0 0 0.1 170.78 101 1 2 56 0 0 5
13.5 21 3 18 0.4 023 0.43 0.97 0.23 1.09 0 0 0.24 168.92 95 0 0 55 0 0 1
14 19 2 17 -0.62 0.13 -0.71 0.17 0.13 0.17 0 0 0.21 174.96 89 0 0 52 0 0 3
14.5 14 2 12 -0.55 0.28 -0.69 0.28 0.28 0.29 0 0 0.14 154.76 91 0 0 45 0 0 6
15 14 0 14 -0.63 0 -0.63 0.13 0 0.13 0 0 0.21 175.28 95 0 0 49 0 0 3
Fleet Sum 480 57 423 4525 166.7 4359 1858 163.9 1694 105 2889- 122 87
Scenario 5 : Modified Model, Tupdate = 30min.
- Forecasted AAR -- Modified Hourly Exit Rate
...... Actual Hourly Arrival Rate - Number of Air Holding Aircraft
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Time (hrs)
Figure 7-37 Overall Performance vs. Time
Figure 7-38: Traffic Flow Management Advisories vs. Time
Scenario 5: Modified Model, Tupdate = 30min.
0+
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Figure 7-39 : Delays vs. Time
Scenario 5: Modified Model, Tupdate = 30min.
Appendix 4
Simulation Results for the Original Model (Hypothetical Data):
Scenario 2
Total of 2 different runs:
* Original Model; Tupdate = 15min.
* Original Model; Tupdate = 30min.
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Figure 7-41 : Overall Performance vs. Time
- Forecasted AAR - Ground Hold Adv. -.....
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Figure 7-42: Traffic Flow Management Advisories
Scenario 2: Original Model, Tupdate = 15min.
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Figure 7-43 : Delays vs. Time
Scenario 2 : Original Model, Tupdate = 15min.
Figure 7-44 : Simulation Statistics
t E Ea Eg D Da Dg AHD AHDa AHDg Egd GDgd SC T N Nhl Nh2 Ng Ngd GHA CSA
0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 21 0 0 18 0 0 2
1 1 1 0 0 0 0 0 0 0 0 0 0 53.33 35 0 0 32 0 0 1
1.5 1 1 0 -0.78 -0.78 0 0 0 0 0 0 1 64.68 57 0 0 47 0 0 9
2 1 1 0 -0.7 -0.7 0 0 0 0 0 0 1 95.3 82 0 0 67 0 0 10
2.5 3 2 1 -0.35 -0.34 -0.37 0 0 0 0 0 1.33 93.64 97 0 0 72 0 0 16
3 9 2 7 -0.3 -0.57 -0.22 0.02 0 0.02 0 0 1.22 131.36 111 0 0 75 0 0 23
3.5 14 3 11 -0.38 -0.56 -0.33 0.06 0.08 0.06 0 0 1.14 136.09 113 0 0 74 0 0 22
4 14 2 12 -0.64 -0.43 -0.67 0.05 0 0.06 0 0 1.36 161.69 129 0 0 81 0 0 28
4.5 17 2 15 -0.85 -0.3 -0.93 0.05 0.05 0.05 0 0 1.12 155.15 127 0 0 73 0 0 23
5 28 3 25 -0.22 0.24 -0.27 0.31 0.07 0.34 0 0 1.18 181.06 123 0 1 72 0 0 36
5.5 12 2 10 -0.27 -0.18 -0.29 0.19 0 0.23 0 0 1.25 168.57 129 0 0 58 0 0 45
6 25 6 19 -1.56 -0.95 -1.75 0.46 0.31 0.51 0 0 1.24 160.63 127 1 0 70 12 12 23
6.5 29 4 25 1.74 1.26 1.82 0.54 0.29 0.58 0 0 1.55 176.18 127 1 0 77 43 43 23
7 27 4 23 0.4 -0.15 0.5 0.42 0.43 0.42 0 0 1.44 181.49 125 0 0 82 55 43 26
7.5 15 5 10 4.01 6.71 2.66 1.49 2.82 0.83 0 0 1.07 145.54 129 1 0 89 73 58 23
8 15 0 15 5.89 0 5.89 1.81 0 1.81 0 0 1.4 198.99 129 0 0 84 69 49 25
8.5 15 0 15 7.51 0 7.51 1.57 0 1.57 2 3.81 1.73 205.46 133 2 1 93 68 39 22
9 15 1 14 12.96 7.11 13.38 3.93 2 4.06 10 6.59 1.27 189.35 135 0 1 88 50 6 27
9.5 15 1 14 20.45 7.58 21.37 2.82 1.55 2.91 13 13.5 1.6 178.04 138 1 1 70 27 5 49
10 15 2 13 25.82 6.96 28.73 2.43 0.97 2.66 11 24.7 1.53 178.88 143 0 3 63 7 1 41
10.5 29 1 28 36.05 4.4 37.18 2.19 4.4 2.11 27 32.6 1.24 203.99 130 2 3 67 1 0 20
11 30 2 28 34.23 8.21 36.09 2.39 2.14 2.41 25 32.4 1.53 224.57 115 2 1 55 0 0 28
11.5 30 1 29 18.49 3.26 19.02 1.61 1.57 1.62 17 20.8 1.23 205.09 100 0 1 57 0 0 23
12 17 0 17 -0.5 0 -0.5 0.24 0 0.24 0 0 1.41 185.89 103 0 0 60 0 16
12.5 25 2 23 -0.98 -0.47 -1.02 0.7 0.09 0.75 0 0 1.4 168.13 91 0 0 53 0 0 20
13 11 2 9 -0.71 -1.12 -0.61 0.07 0 0.09 0 0 1.09 177.78 100 0 2 56 0 0 22
13.5 20 3 17 0.3 -0.01 0.36 0.3 0.16 0.33 0 0 1 161.35 95 0 0 55 0 0 15
14 19 2 17 -0.54 -0.85 -0.5 0.16 0.07 0.16 0 0 1.21 179.23 89 0 0 52 0 0 19
14.5 14 2 12 -0.72 -1.57 -0.58 0 0.02 0 0 0 0.93 151.13 91 0 0 45 0 0 29
151 14 0 14 -0.4 0 -0.4 0.1 0 0.1 0 0 1.14 179.29 95 0 0 49 0 0 20
Fleet Sum 480 57 423 3695 70.85 3625 479.1 35.97 443.5 105 2563 256 686
Scenario 2: Original Model, Tupdate = 30min.
Figure 7-45 : Overall Performance vs. Time
Figure 7-46: Traffic Flow Management Advisories vs. Time
Scenario 2: Original Model, Tupdate = 30min.
- Forecasted AAR - Delay (D) ------ Air Holding Delay (AHD) ............... Ground Hold Delay (GHD)
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Figure 7-47: Delays vs. Time
Scenario 2: Original Model, Tupdate= 30min.
Scenario 3
Total of 2 different runs:
* Original Model; Tupdate = 15min.
* Original Model; Tupdate = 30min.
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Figure 7-49 : Overall Performance vs. Time
Figure 7-50: Traffic Flow Management Advisories vs. Time
Scenario 3: Original Model, Tupdate = 15min.
Figure 7-51 : Delays vs. Time
Scenario 3: Original Model, Tupdate = 15min.
Figure 7-52 : Simulation Statistics
t E Ea EQ D Da Dg AHD AHDa AHDg Egd GDgd SC T N Nhl Nh2 N Ngd GHA CSA
0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 21 0 0 18 0 0 2
1 1 1 0 0 0 0 0 0 0 0 0 0 53.33 35 0 0 32 0 0 1
1.5 1 1 0 0.16 0.16 0 0 0 0 0 0 1 65.61 57 0 0 47 0 0 9
2 1 1 0 1.43 1.43 0 0 0 0 0 0 1 97.43 82 0 0 67 0 0 9
2.5 3 2 1 1.04 1.19 0.75 0 0 0 0 0 1.33 95.03 97 0 0 72 0 0 15
3 9 2 7 0.63 1.27 0.44 0.03 0.15 0 0 0 1.11 132.26 111 0 0 75 0 0 22
3.5 13 3 10 0.83 0.32 0.98 0.03 0.05 0.02 0 0 1.08 135.41 114 0 0 74 0 0 23
4 14 2 12 1.06 1.27 1.02 0.09 0 0.11 0 0 1.21 161.92 130 0 0 81 0 0 30
4.5 16 2 14 0.91 0.76 0.93 0.09 0 0.1 0 0 1.31 157.18 129 0 0 73 0 0 23
5 29 3 26 1.39 1.73 1.35 0.24 0.08 0.26 0 0 1.17 178.31 124 0 0 72 0 0 36
5.5 13 2 11 1.02 1.3 0.97 0.06 0.15 0.05 0 0 1.31 178.48 129 0 0 58 0 0 46
6 20 6 14 0.96 1.79 0.6 0.5 0.5 0.5 0 0 1.2 149.52 132 4 1 70 13 13 20
6.5 30 4 26 5.58 5.33 5.62 1.81 1.56 1.84 0 0 1.57 179.75 131 0 1 77 46 46 25
71 29 4 25 3.74 1.46 4.11 0.56 0.49 0.57 0 0 1.38 188.58 127 0 0 83 57 44 24
7.51 15 5 10 7.11 9.85 5.74 3.24 5.88 1.92 0 0 1.33 147.6 131 1 1 92 77 58 14
8 15 0 15 9.06 0 9.06 4.79 0 4.79 1 6.32 1.2 204.57 131 1 2 88 74 52 26
8.5 15 0 15 10.58 0 10.58 4.12 0 4.12 0 0 1.47 207.58 135 0 0 96 73 51 18
9 15 0 15 16.42 0 16.42 1.21 0 1.21 14 13.4 1.27 200.35 137 1 1 86 49 16 31
9.5 15 2 13 22.83 10.34 24.75 3.36 3.98 3.26 12 18.1 1.33 183.58 140 0 3 69 25 5 47
10 15 2 13 32.7 9.96 36.2 4.2 3.06 4.37 12 30.4 1.33 186.97 145 3 2 63 7 1 38
10.5 29 1 28 37.92 6.39 39.04 2.59 6.39 2.46 28 31.8 1.24 201.31 132 2 3 67 2 0 25
11 30 2 28 34.07 11.64 35.67 4.11 4.29 4.1 24 30.1 1.47 215.81 117 1 1 55 1 1 24
11.5 30 1 29 23.04 7.21 23.59 1.14 2.36 1.1 19 26.2 1.5 216.82 102 2 1 57 1 0 24
12 18 0 18 1.93 0 1.93 0.78 0 0.78 1 7.83 0.94 177.48 104 0 0 60 0 0 17
12.5 26 2 24 1.83 2.62 1.77 0.39 0.84 0.35 1 6.52 1.42 173.98 91 0 0 53 0 0 24
13 10 2 8 0.81 0.11 0.99 0.08 0 0.11 0 0 1 166.62 101 1 1 56 0 0 20
13.5 20 3 17 1.36 0.43 1.52 0.22 0.02 0.25 0 0 1.25 170.59 96 0 0 55 0 0 17
14 19 2 17 0.98 0.5 1.04 0.13 0.07 0.14 0 0 1.16 177.09 90 1 0 52 0 0 18
14.5 14 2 12 0.61 0.71 0.59 0.04 0 0.04 0 0 1.07 156.18 92 0 0 45 0 0 29
15 15 0 15 0.8 0 0.8 0.04 0 0.04 0 0 1.2 179.29 95 0 0 49 0 0 18
Fleet Sum 480 57 423 4849 193.1 4656 671.1 74.88 596.1 112 2902 287 675
Scenario 3 : Original Model, Tupdate = 30min.
- Forecasted AAR ---- Modified Hourly Exit Rate
...... Actual Hourly Arrival Rate Number of Air Holding Aircraft
70
60
50
40
2 3 4 5 6 7 8 9 10 11 12 13 14 15
Time (hrs)
Figure 7-53 : Overall Performance vs. Time
7- Forecasted AAR - Ground Hold Adv. .------ Speed Adv.
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Figure 7-54: Traffic Flow Management Advisories vs. Time
Scenario 3: Original Model, Tupdate = 30min.
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Figure 7-55 : Delays vs. Time
Scenario 3 : Original Model, Tupdate = 30min.
101
Scenario 4
Total of 2 different runs:
* Original Model; Tupdate = 15min.
* Original Model; Tupdate = 30min.
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Forecasted AAR ---- Modified Hourly Exit Rate
--- Actual Hourly Arrival Rate Number of Air Holding Aircraft
30 1
20
10
0 I t 1 I
0 1 2 3 4 5 6 7 8 9 10
Time (hrs)
Figure 7-57: Overall Performance vs. Time
Forecasted AAR - Ground Hold Adv. -.....
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Scenario 4: Original Model, Tupdate = 15min.
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Forecasted AAR - Delay ...... Air Holding Delay """"""": Ground Hold Delay (GHD)
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Figure 7-59 : Delays vs. Time
Scenario 2 : Original Model, Tupdate = 15min.
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Figure 7-60 : Simulation Statistics
t E Ea Eq D Da Dg AHD AHDa AHDg Egd IGDgd SC T N Nhl Nh2 Ng Ngd GHA CSA
0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 21 0 0 18 0 0 2
1 1 1 0 0 0 0 0 0 0 0 0 0 53.33 35 0 0 32 0 0 1
1.5 1 1 0 0.16 0.16 0 0 0 0 0 0 1 65.61 57 0 0 47 0 0 9
2 1 1 0 1.43 1.43 0 0 0 0 0 0 1 97.43 82 0 0 67 0 0 9
2.5 3 2 1 1.04 1.19 0.75 0 0 0 0 01.33 95.03 97 0 0 72 0 0 13
3 9 2 7 0.63 1.27 0.44 0.03 0.15 0 0 0 1.11 132.26 111 0 0 75 0 0 23
3.5 13 3 10 0.85 0.32 1.01 0.06 0.05 0.06 0 0 1 135.41 114 0 0 74 0 0 22
4 14 2 12 0.76 0.26 0.84 0.07 0 0.09 0 0 1.21 161.64 130 0 0 81 0 0 30
4.5 16 2 14 0.91 0.76 0.93 0.09 0 0.1 0 0 1.25 157.18 129 0 0 73 0 0 23
5 29 3 26 1.39 1.39 1.39 0.23 0.11 0.25 0 0 1.17 178.31 124 0 0 72 0 0 33
5.5 13 2 11 1.02 1.3 0.97 0.06 0.15 0.05 0 0 1.31 178.48 129 0 0 58 0 0 46
6 20 6 14 0.96 1.46 0.75 0.49 0.5 0.49 0 0 1.15 149.53 132 4 1 70 5 5 18
6.5 30 4 26 5.58 6.08 5.51 1.83 1.41 1.9 0 0 1.5 179.72 131 0 1 77 7 3 25
7 29 4 25 3.69 1.64 4.02 0.52 0.49 0.53 0 0 1.31 188.56 127 0 0 82 11 4 26
7.5 15 5 10 7.11 9.85 5.74 3.03 5.59 1.76 0 0 1.33 147.8 131 1 1 85 12 2 23
8 15 0 15 9.06 0 9.06 5.21 0 5.21 0 0 1.27 204.15 131 1 2 81 13 2 26
8.5 15 0 15 11.66 0 11.66 5.56 0 5.56 0 0 1.4 202.66 135 3 2 77 16 9 24
9 15 0 15 14.29 0 14.29 9.04 0 9.04 0 0 1.27 192.33 137 3 3 75 15 5 23
9.5 15 1 14 25.83 18.88 26.33 13.36 11.73 13.47 4 26.9 1.33 173.24 140 7 8 70 13 2 26
10 15 1 14 31.42 27.35 31.71 24.73 20.96 24.99 0 0 1.13 179.67 145 9 9 68 8 0 28
10.5 29 3 26 33.88 29.21 34.41 19.56 24.32 19.01 4 59.9 1.21 196.07 132 5 6 67 1 0 16
11 30 1 29 33.07 17.93 33.59 9.14 8.87 9.15 9 61.7 1.07 201.8 117 6 5 55 0 0 26
11.5 30 1 29 26.57 18.92 26.84 6.47 10.77 6.32 6 76.7 1 205.81 102 2 0 57 0 0 17
12 18 1 17 1.94 7.65 1.61 0.43 1.95 0.34 0 0 1.11 173.99 104 0 0 60 0 0 17
12.5 26 2 24 1.75 1.07 1.81 0.72 0.72 0.73 0 0 1.12 173.56 9i 0 0 53 0 0 24
13 10 2 8 0.79 0.11 0.96 0.07 0 0.09 0 0 1 166.6 101 1 1 56 0 0 20
13.5 20 3 17 1.36 0.43 1.52 0.22 0.02 0.25 0 0 1.25 170.59 96 0 0 55 0 0 17
14 19 2 17 0.98 0.5 1.04 0.13 0.07 0.14 0 0 1.16 177.09 90 1 0 52 0 0 18
14.5 14 2 12 0.61 0.71 0.59 0.04 0 0.04 0 0 1.07 156.18 92 0 45 0 0 26
15 15 0 15 0.8 0 0.8 0.04 0 0.04 0 0 1.2 179.29 95 0 0 49 0 0 18
Fleet Sum] 480 57 423 4811 289.6 45211 2075 168.5 1907 23 629j
Scenario 4: Original Model, Tupdate = 30min.
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- Forecasted AAR -- Modified Hourly Exit Rate
...... Actual Hourly Arrival Rate - Number of Air Holding Aircraft
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Figure 7-61 Overall Performance vs. Time
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Figure 7-62: Traffic Flow Management Advisories
Scenario 4: Original Model, Tupdate = 30min.
11 12 13 14 15
vs. Time
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- Forecasted AAR - Delay (D) ...... Air Holding Delay (AHD) ... Ground Hold Delay (GHD)
60
50
401
S30
~/ \
20
104- .
0 / . . ,, , ".!o . ................. ... 4,, ,1: , ., , ,,,, .,,,r ,,''Z ,. ,, = = 7q..... .. ........ ;.....
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Time (hrs)
Figure 7-63: Delays vs. Time
Scenario 4: Original Model, Tupdate = 30min.
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Scenario 5
Total of 2 different runs:
* Original Model; Tupdate = 15min.
* Original Model; Tupdate = 30min.
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Figure 7-64 : Simulation Statistics
t E Ea Eq D Da Dg AHD AHDa AHDg Egd GDgd SC T N Nhl Nh2 Ng Ngd GHA CSA
0.25 0 0 0 0 0 0 0 0 0 0 0 0 0 7 0 0 5 0 0 2
0.5 000 0 0 0 0 0 0 0 0 0 0 21 0 0 18 0 0 2
0.75 0 0 0 0 0 0 0 0 0 0 0 0 0 28 0 0 25 0 0 1
1 1 1 0 0.17 0.17 0 0 0 0 0 0 1 53.51 35 0 0 32 0 0 2
1.25 0 0 0 0 0 0 0 0 0 0 0 0 0 44 0 0 38 0 0 4
1.5 1 1 0 2.74 2.74 0 0 0 0 0 0 3 68.19 57 0 0 47 0 0 8
1.75 0 0 0 0 0 0 0 0 0 0 0 0 0 69 0 0 55 0 0 9
2 1 1 0 0.54 0.54 0 0 0 0 0 0 3 96.54 82 0 0 67 0 0 10
2.25 1 0 1 0.75 0 0.75 0 0 0 0 0 1 108.18 93 0 0 69 0 0 19
2.5 2 2 0 0.85 0.85 0 0 0 0 0 0 3 88.12 97 0 0 72 0 0 9
2.75 1 1 0 1.11 1.11 0 0 0 0 0 0 4 88.38 112 0 0 78 0 0 15
3 7 1 6 1.08 2.76 0.8 0 0 0 0 0 2.57 135.46 112 0 0 75 0 0 19
3.25 9 2 7 1.69 1.29 1.8 0.03 0 0.04 0 0 2 131.64 111 0 0 76 0 0 18
3.5 5 1 4 0.77 1.33 0.63 0 0 0 0 0 1.4 148.21 114 0 0 74 0 0 19
3.75 8 2 6 1.16 1.47 1.06 0.04 0 0.05 0 0 2 144.2 118 0 0 71 0 0 29
4 6 0 6 1.6 0 1.6 0.05 0 0.05 0 0 2 186.34 130 0 0 81 0 0 21
4.25 10 1 9 2.03 1.91 2.04 0.05 0 0.05 0 0 2.6 158.71 129 0 0 78 0 0 23
4.5 6 1 5 1.96 0.16 2.32 0.02 0 0.02 0 0 2 157.69 129 0 0 73 0 0 26
4.75 14 1 13 2.17 2.64 2.14 0.19 0.32 0.18 0 0 1.93 168.16 130 0 0 70 0 0 34
5 13 2 11 2.04 2.76 1.91 0.1 0.19 0.09 0 0 2.15 181.08 126 0 0 72 0 0 25
5.25 7 1 6 2.36 1.8 2.45 0.04 0 0.04 0 0 2.86 219.43 124 0 0 58 0 0 38
5.5 7 1 6 1.82 2.37 1.73 0.09 0.44 0.04 0 0 2.86 164.24 130 0 1 58 0 0 35
5.75 10 4 6 2.44 2.19 2.61 0.09 0.1 0.09 0 0 2.4 147.32 135 1 0 67 8 8 19
6 11 2 9 1.59 2.56 1.37 0.09 0.14 0.08 0 0 1.82 154.42 132 0 0 70 17 10 19
6.25 15 3 12 5.47 6.23 5.28 0.36 0.8 0.25 0 0 2.47 181.33 133 0 0 72 37 31 26
6.5 15 1 14 5.65 3.35 5.81 0.39 0.18 0.41 0 0 2.47 179.78 131 0 0 77 54 28 24
6.75 15 0 15 6.72 0 6.72 0.3 0 0.3 0 0 2.6 214.21 130 0 0 81 65 19 16
7 14 5 9 0.82 0.73 0.87 0.14 0.05 0.18 0 0 1.86 145.68 127 0 1 85 72 13 14
7.25 8 0 8 2.65 0 2.65 00.23 0.23 0 0 2.5 195.92 132 0 0 94 86 36 12
7.5 7 4 3 9.84 10.78 8.58 3.75 4.59 2.63 0 0 2 125.72 131 1 1 92 82 16 14
7.75 8 0 8 7.42 0 7.42 2.03 0 2.03 0 0 2.12 198.06 131 0 0 92 79 7 11
8 7 0 7 8.63 0 8.63 1.05 0 1.05 3 6.49 1.71 197.81 131 0 2 90 80 20 20
8.25 8 0 8 9.66 0 9.66 1.93 0 1.93 1 6.62 2.88 216.93 135 1 1 96 79 11 16
8.5 7 0 7 11.64 0 11.64 2.1 0 2.1 1 8.41 1.71 216.11 135 0 0 95 74 9 13
8.75 8 0 8 16.02 0 16.02 0.16 0 0.16 8 12.1 1.62 198.27 135 0 0 94 66 1 17
9 7 0 7 21.71 0 21.71 0.07 0 0.07 7 17.6 2.43 207.39 137 0 0 89 55 4 21
9.25 7 2 5 22.56 7.92 28.41 1.01 1.26 0.9 5 21.6 2 183.59 143 2 0 87 45 5 29
9.5 8 0 8 32.56 0 32.56 1.08 0 1.08 8 26.3 1.75 204.77 140 0 0 77 35 3 39
9.75 7 1 6 31.76 5.16 36.2 0.39 0.91 0.31 6 30.6 2.29 161.66 145 2 0 77 24 0 24
10 8 1 7 39 16.72 42.18 1.64 3.51 1.37 7 33.3 1.5 213.03 145 0 0 67 12 0 30
10.25 14 1 13 44.68 4.55 47.77 0.7 0.08 0.75 13 40.9 2.43 209.39 138 1 0 64 6 0 22
10.5 15 0 15 43.19 0 43.19 0.47 0 0.47 15 37.8 2.2 230.24 132 1 0 67 2 0 19
10.75 14 0 14 31.56 0 31.56 0.58 0 0.58 14 25.3 1.79 225.01 126 0 1 57 0 0 27
11 15 2 13 27.69 11.27 30.22 0.18 0.14 0.18 13 24.2 2 204.4 118 0 0 55 0 0 18
11.25 15 0 15 23.76 0 23.76 0.5 0 0.5 14 18.2 2.13 221.54 112 0 1 55 0 0 17
11.5 15 1 14 12.97 7.05 13.39 0.67 0.4 0.69 8 12.2 1.53 187.86 103 0 1 57 0 0 11
11.75 10 0 10 3.13 0 3.13 0.2 0 0.2 0 0 1.8 164.33 101 0 0 59 0 0 18
12 8 0 8 2.94 0 2.94 0.14 0 0.14 0 0 2.38 187.83 105 0 0 60 0 0 16
12.25 11 0 11 1.86 0 1.86 0.1 0 0.1 0 0 1.91 208.88 102 0 1 57 0 0 15
12.5 15 2 13 3.85 4.21 3.8 0.17 0.01 0.2 0 0 1.8 158.14 92 1 0 53 0 0 11
12.75 6 0 6 2.5 0 2.5 0.21 0 0.21 0 0 2.17 188.27 97 0 0 54 0 0 21
13 4 2 2 0.86 0.89 0.83 0 0 0 0 0 1.75 130.35 102 1 2 56 0 0 15
13.25 12 0 12 2.27 0 2.27 0.45 0 0.45 0 0 1.33 177.09 97 0 0 55 0 0 12
13.5 7 2 5 1.38 0.85 1.6 0 0 0 0 0 2 166.05 98 0 0 55 0 0 12
13.75 11 2 9 1.55 1.78 1.5 0.05 0.16 0.03 0 0 1.36 157.18 94 0 1 52 0 0 17
14 10 1 9 1.59 1.98 1.55 0.15 0 0.17 0 0 2.1 195.71 90 0 0 52 0 0 14
14.25 10 1 9 1.26 0.73 1.32 0.01 0 0.01 0 0 1.5 167.09 90 0 0 49 0 0 22
14.5 4 1 3 1.76 0.57 2.16 0.03 0 0.04 0 0 1.5 131.75 92 0 0 45 0 0 20
14.75 8 0 8 1.51 0 1.51 0.08 0 0.08 0 0 1.75 172.78 93 0 1 49 0 0 18
15 6 0 6 1.56 0 1.56 0.14 0 0.14 0 0 2.17 180.38 96 1 0 49 0 0 17
Fleet Sum 479 57 422 5037 203.6 4834 203.5 31.05 172.6 123 3107 221 1074
Scenario 5 : Original Model, Tupdate = 15min.
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Forecasted AAR - Modified Hourly Exit Rate
...... Actual Hourly Arrival Rate - Number of Air Holding Aircraft
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Figure 7-65: Overall Performance vs. Time
- Forecasted AAR - Ground Hold Adv. -..... Speed Adv.
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Figure 7-66: Traffic Flow Management Advisories vs. Time
Scenario 5: Original Model, Tupdate = 15min.
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Figure 7-67: Delays vs. Time
Scenario 5: Original Model, Tupdate = 15min.
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Figure 7-68 : Simulation Statistics
t E Ea Eg D Da Dg AHD AHDa AHDg Egd GDgd SC T N Nhl Nh2 Ng Ngd GHA CSA
0.5 0 0 0 0 0 0 0 0 0 0 0 0 21 0 0 18 0 0 2
1 1 1 0 0 0 0 0 0 0 0 0 0 53.33 35 0 0 32 0 0 1
1.5 1 1 0 3.24 3.24 0 0 0 0 0 0 1 68.69 57 0 0 47 0 0 9
2 1 1 0 1.43 1.43 0 0 0 0 0 0 1 97.43 82 0 0 67 0 0 9
2.5 3 2 1 1.44 1.78 0.75 0 0 0 0 0 1.33 95.43 97 0 0 72 0 0 12
3 9 2 7 0.71 1.66 0.44 0 0 0 0 0 1.11 132.39 111 0 0 75 0 0 20
3.5 13 3 10 1.01 0.79 1.08 0.03 0.05 0.02 0 0 0.92 135.59 114 0 0 74 0 0 25
4 14 2 12 0.85 0.66 0.89 0.09 0.01 0.1 0 0 1 161.72 130 0 0 81 0 0 30
4.5 15 2 13 1.28 1.75 1.2 0.05 0 0.05 0 0 1.33 156.1 130 0 0 73 0 0 24
5 29 3 26 2.44 2.41 2.45 0.49 0.15 0.53 0 0 1.24 176.1 125 0 0 72 0 0 36
5.5 14 2 12 1.44 1.3 1.46 0.03 0.15 0.01 0 0 1.36 185.27 129 0 0 58 0 0 44
6 20 6 14 1.73 1.98 1.62 0.44 0.4 0.46 0 0 1.2 150.35 132 5 0 70 18 18 22
6.5 30 4 26 5.96 6.21 5.92 1.99 1.54 2.06 0 0 1.5 179.95 131 0 1 77 49 44 26
7 28 4 24 4.35 1.61 4.8 0.62 0.42 0.65 0 0 1.46 187.86 128 0 0 82 70 38 26
7.5 15 4 11 6.78 8.95 5.99 3.19 5.47 2.36 0 0 1.33 155.63 132 3 1 94 84 44 12
8 15 1 14 10.29 1625 9.86 5.71 9.24 5.45 1 6.78 1.27 194.33 132 0 3 92 83 22 21
8.5 15 0 15 11.94 0 11.94 3.99 0 3.99 1 12.8 1.53 206.34 136 0 1 98 76 11 13
9 15 0 15 19.41 0 19.41 0.44 0 0.44 12 18.1 1.07 210.21 138 1 0 92 58 12 24
9.5 15 2 13 28.91 7.26 32.24 0.73 0.31 0.8 13 27.9 1.13 192.54 141 0 1 77 36 6 39
10 15 2 13 35.93 9.14 40.06 1.84 1.35 1.91 13 33 1 187.6 146 2 1 67 12 0 31
10.5 29 1 28 44.65 3.58 46.12 0.93 3.58 0.83 28 41 1.14 221.03 133 0 1 67 2 0 24
11 30 2 28 29.48 13.43 30.63 1.4 3.03 1.28 26 25.8 1.17 213.38 118 1 1 55 0 0 26
11.5 30 0 30 18.35 0 18.35 0.97 0 0.97 22 16.7 1.1 208.39 103 3 0 57 0 0 22
12 19 1 18 2.96 8.99 2.62 0.8 3.29 0.66 1 7.02 1.16 173.41 104 0 0 60 0 0 17
12.5 26 2 24 2.79 3.04 2.76 0.72 1.26 0.68 0 0 1.31 174.59 91 0 0 53 0 0 22
13 10 2 8 0.79 0.11 0.96 0.07 0 0.09 0 0 1 166.6 101 1 1 56 0 0 23
13.5 20 3 17 1.87 1.17 1.99 0.2 0.03 0.23 0 0 1.2 171.12 96 0 0 55 0 0 16
14 19 2 17 1.12 1.04 1.13 0.08 0 0.09 0 0 1.26 177.28 90 1 0 52 0 0 21
14.5 14 2 12 0.89 1.79 0.74 0.07 0 0.08 0 0 0.93 156.43 92 0 0 45 0 0 27
15 15 0 15 1.34 0 1.34 0.1 0 0.1 0 0 1.27 179.76 95 0 0 49 0 0 17
Fleet Sum 480 57 423 5142 211.5 4931 482.1 61.14 420.5 117 3221 195 641
Scenario 5 : Original Model, Tupdate = 30min.
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Figure 7-69 : Overall Performance vs. Time
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Figure 7-70: Traffic Flow Management Advisories
Scenario 5: Original Model, Tupdate = 30min.
11 12 13 14 15
vs. Time
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Figure 7-71 : Delays vs. Time
Scenario 5: Original Model, Tupdate = 30min.
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Appendix 5
Summary of Simulation Results from the Original and Modified Model:
Cumulative Delays (min)
Tupdate = 30min.
5233
3695
4849
4811
5142
Modified Model
Tupdate = 15min.
5233
3066
3811
3947
3957
Tupdate = 30min.
5233
3514
4470
4479
4525
% Diff (Tupdate=15min) % Diff (Tupdate-=30min)
12.27 4.90
13.50 7.82
8.59 6.90
21.44 12.00
Ground Hold Advisories
Original Model
Scenario Tupdate = 15min.
2 426
3 513
4 36
5 221
Tupdate = 30min.
256
287
32
195
Modified Model
Tupdate = 15min. Tupdate = 30min.
201 140
277 160
20 13
121 122
% Diff (Tupdate=15min) % Diff (Tupdate=30min)
52.82 45.31
46.00 44.25
44.44 59.38
45.25 37.44
Cruise Speed Advisories
Original Model
Tupdate = 15min.
1222
1140
961
1074
Tupdate = 30min.
686
675
629
641
Modifled Model
Tupdate = 15min. Tupdate = 30min.
291 180
128 87
137 114
116 87
% Diff(Tupdate=15min) % Diff (Tupdate=30min)
76.19 73.76
88.77 87.11
85.74 81.88
89.20 86.43
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Scenario
1
2
3
4
5
Original Model
Tupdate = 15min.
5233
3495
4406
4318
5037
Scenario
2
3
4
5
Appendix 6
Simulation Results (Actual ORD Flight Data) : Modified Model
Scenario 1
* Modified Model; Tupdate = 15min.
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Figure 7-72 : Simulation Statistics
E Ea Eg D Da Dg AHD AHDa AHDg Egd GD SC T N Nhl Nh2  Ngd GHA CSA
6.25 2 0 2 0 0 0 0 0 0 0 0 0 228.4 241 0 0 145 0 0 0
6.5 5 0 5 1.15 0 1.15 1.15 0 1.15 0 0 0 161.86 248 0 0 134 0 0 0
6.75 10 0 10 1.92 0 1.92 1.92 0 1.92 0 0 0 143.03 258 1 3 134 0 0 0
7 10 0 10 8.71 0 8.71 8.71 0 8.71 0 0 0 145.87 261 10 1 116 0 0 0
7.25 18 0 18 15.43 0 15.43 15.43 0 15.43 0 0 0 143.17 261 7 4 109 0 0 0
7.5 18 0 18 18.83 0 18.83 18.83 0 18.83 0 0 0 115.65 274 11 4 123 0 0 0
7.75 18 0 18 15.78 0 15.78 15.78 0 15.78 0 0 0 149.52 280 12 13 127 0 0 0
8 18 1 17 18.84 20.08 18.76 18.84 20.08 18.76 0 0 0 153.05 281 20 12 124 0 0 0
8.25 18 0 18 25.19 0 25.19 25.19 0 25.19 0 0 0 156.61 282 20 14 128 0 0 0
8.5 18 1 17 31.8 33.9 31.67 31.8 33.9 31.67 0 0 0 164.53 294 21 25 138 0 0 0
8.75 18 0 18 32.7 0 32.7 32.7 0 32.7 0 0 0 162.79 287 19 19 128 0 0 0
9 18 0 18 36.62 0 36.62 36.62 0 36.62 0 0 0 199.38 305 17 15 131 0 0 0
925 20 2 18 41.32 41.21 41.33 41.32 41.21 41.33 0 0 0 191.04 305 18 10 130 0 0 0
9.5 20 0 20 34.3 0 34.3 34.3 0 34.3 0 0 0 186.69 302 17 9 126 0 0 0
9.75 20 0 20 32.25 0 32.25 32.25 0 3225 0 0 0 163.56 298 10 4 116 0 0 0
10 20 1 19 34.12 33.83 34.14 34.12 33.83 34.14 0 0 0 151.99 299 11 7 113 0 0 0
10.25 20 0 20 31.09 0 31.09 31.09 0 31.09 0 0 0 177.55 313 10 7 124 0 0 0
10.5 20 0 20 27.81 0 27.81 27.81 0 27.81 0 0 0 182.99 313 20 10 127 0 0 0
10.75 20 0 20 25.55 0 25.55 25.55 0 25.55 0 0 0 201.66 310 22 20 128 0 0 0
11 20 1 19 30.96 27.18 31.16 30.96 27.18 31.16 0 0 0 177.01 308 17 25 121 0 0 0
1125 24 0 24 32.54 0 32.54 32.54 0 32.54 0 0 0 181.34 299 22 24 119 0 0 0
11.5 25 0 25 34.96 0 34.96 34.96 0 34.96 0 0 0 180.76 290 20 16 108 0 0 0
11.75 25 0 25 32.5 0 32.5 32.5 0 32.5 0 0 0 160.86 295 8 11 117 0 0 0
12 25 0 25 32.86 0 32.86 32.86 0 32.86 0 0 0 152.72 298 12 5 117 0 0 0
1225 25 0 25 22.5 0 22.5 22.5 0 22.5 0 0 0 171.97 285 8 0 116 0 0 0
12.5 25 0 25 15.09 0 15.09 15.09 0 15.09 0 0 0 168.49 281 5 2 116 0 0 0
12.75 25 1 24 10.97 12.33 10.92 10.97 12.33 10.92 0 0 0 186.35 273 0 0 117 0 0 0
13 25 0 25 4.32 0 4.32 4.32 0 4.32 0 0 0 214.63 270 0 1 109 0 0 0
13.25 15 0 15 1.02 0 1.02 1.02 0 1.02 0 0 0 239.94 272 0 0 107 0 0 0
13.5 17 17 17 129 0 1.29 129 0 1.29 0 0 0 235.41 287 2 2 127 0 0 0
13.75 20 0 20 3.67 0 3.67 3.67 0 3.67 0 0 0 184.51 282 9 2 125 0 0 0
14 20 1 19 9.81 5.77 10.02 9.81 5.77 10.02 0 0 0 171.47 284 4 7 128 0 0 0
14.25 20 0 20 13.68 0 13.68 13.68 0 13.68 0 0 0 168.78 294 2 4 136 0 0 0
14.5 20 0 20 9.38 0 9.38 9.38 0 9.38 0 0 0 177.75 295 1 3 143 0 0 0
14.75 15 0 15 4.09 0 4.09 4.09 0 4.09 0 0 0 258.06 293 0 0 139 0 0 0
15 18 0 18 2.12 0 2.12 2.12 0 2.12 0 0 0 186.16 296 2 1 142 0 0 0
15.25 18 0 18 5.44 0 5.44 5.44 0 5.44 0 0 0 164.62 304 0 0 151 0 0 0
15.5 18 0 18 5.5 0 5.5 5.5 0 5.5 0 0 0 228.19 312 0 2 143 0 0
15.75 18 0 18 7.66 0 7.66 7.66 0 7.66 0 0 0 208.05 316 1 0 142 0 0 0
16 18 0 18 925 0 925 925 0 9.25 0 0 0 214.54 318 2 1 131 0 0 0
1625 18 1 17 13.4 1027 13.59 13.4 10.27 13.59 0 0 0 273.36 316 7 3 121 0 0 0
16.5 18 1 17 15.56 17.82 15.42 15.56 17.82 15.42 0 0 0 21222 315 5 5 115 0 0 0
16.75 18 0 18 1623 0 16.23 1623 0 1623 0 0 0 212.49 314 8 5 110 0 0 0
17 18 1 17 16.03 1623 16.02 16.03 16.23 16.02 0 0 0 198.04 311 12 7 99 0 0 0
17.25 18 1 17 20.93 17.83 21.11 20.93 17.83 21.11 0 0 0 191.62 303 17 12 93 0 0 0
17.5 18 1 17 23.49 23.68 23.48 23.49 23.68 23.48 0 0 0 200.12 308 18 17 93 0 0 0
17.75 18 0 18 27.24 0 27.24 27.24 0 27.24 0 0 0 170.02 304 20 20 96 0 0 0
18 18 0 18 33.54 0 33.54 33.54 0 33.54 0 0 0 15324 299 21 21 81 0 0 0
1825 18 0 18 39.57 0 39.57 39.57 0 39.57 0 0 0 188.84 288 22 21 81 0 0 0
18.5 18 0 18 44.63 0 44.63 44.63 0 44.63 0 0 0 218.02 283 21 15 77 0 0 0
18.75 18 1 17 47.55 4728 47.57 47.55 47.28 47.57 0 0 0 192.39 276 15 11 67 0 0 0
19 18 0 18 47.9 0 47.9 47.9 0 47.9 0 0 0 22124 268 15 7 59 0 0 0
19.25 18 0 18 45.27 0 4527 45.27 0 4527 0 0 224.67 261 12 7 54 0 0 0
19.5 18 1 17 44.13 45.33 44.06 44.13 45.33 44.06 0 0 0 201.12 246 15 11 43 0 0 0
19.75 18 0 18 42.68 0 42.68 42.68 0 42.68 0 0 0 170.34 231 14 11 38 0 0 0
20 18 0 18 45.45 0 45.45 45.45 0 45.45 0 0 0 221.38 221 16 8 36 0 0 0
20.25 18 0 18 49.65 0 49.65 49.65 0 49.65 0 0 0 196.42 203 17 9 23 0 0 0
20.5 18 0 18 57.68 0 57.68 57.68 0 57.68 0 0 0 243.21 187 29 14 19 0 0 0
20.75 18 0 18 64.16 0 64.16 64.16 0 64.16 0 0 0 196.82 171 32 18 17 0 0 0
21 18 0 18 69.49 0 69.49 69.49 0 69.49 0 0 0 277.77 154 36 21 13 0 0 0
Fleet Sum 1107 15 1092 28516 394 28122 28516 394 28122 0 0 10 0
Scenario 1 : Actual ORD Flight Data (10/31/95), Tupdate = 15min.
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- Forecasted AAR ---.-- Modified Hourly Exit Rate
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Figure 7-73 : Overall Performance vs. Local Time
...... Air Holding Delay -Forecasted AAR (Chicago O'Hare 10/31/95)
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Figure 7-74: Air Holding Delay vs. Local Time
Scenario 1: Tupdate = 15min., Actual ORD Flight Data (10/31/95)
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Scenario 5
Total of 4 different runs:
* Modified Model; Tupdate = 15min.; Cruise Speed Advisory Window = 6 knots
* Modified Model; Tupdate = 30min.; Cruise Speed Advisory Window = 6 knots
* Modified Model; Tupdate = 15min.; Cruise Speed Advisory Window ='12 knots
* Modified Model; Tupdate = 30min.; Cruise Speed Advisory Window = 12 knots
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Figure 7-75 : Simulation Statistics
t E Ea E D Da D AHD AHDaAHDg Egd GDgdSC T N Nhl Nh2 N Nd GHA CSA
6.25 2 0 2 0 0 0 0 0 0 0 0 0 228.4 241 0 0 145 48 17 6
6.5 5 0 5 1.15 0 1.15 1.15 0 1.15 0 0 0 161.86 248 0 0 134 53 10 5
6.75 10 0 10 2.05 0 2.05 1.73 0 1.73 0 0 0.1 143.35 258 1 3140 55 7 1
7 10 0 10 8.87 0 8.87 8.87 0 8.87 0 0 0 145.87 261 9 1 139 54 10 4
7.25 18 0 18 14.48 0 14.48 14.26 0 14.26 0 0 0.22 129.97 261 5 3 138 53 8 4
7.5 18 0 18 17.84 0 17.84 15.21 0 1521 1 23.7 0.17 152.08 274 5 4 146 52 15 3
7.75 18 0 18 16.64 0 16.64 12.5 0 12.5 2 19.18 0.22 152.46 280 9 8 141 59 21 6
8 18 1 17 14.75 9.41 15.06 13.43 11.02 13.57 1 16.9 0.17 155.16 281 17 4 141 61 10 1
8.25 18 1 17 25.67 22.39 25.87 19.74 22.39 19.58 5 21.03 0.33 164.91 282 8 8 149 61 10 2
8.5 18 0 18 22.5 0 22.5 17.84 0 17.84 3 19.99 0.11 185.56 294 9 8 159 73 21 1
8.75 18 1 17 21.87 15.31 2225 14.58 15.31 14.54 2 46.91 0.11 185.12 287 8 3 151 68 4 2
9 18 1 17 45.73 16.92 47.43 17.22 16.92 17.23 12 33.07 0.39 185.35 305 10 8 164 76 16 3
9.25 19 0 19 38.4 0 38.4 16.21 0 1621 10 38.58 0.11 217.67 306 10 10 160 74 11 4
9.5 20 0 20 30.92 0 30.92 17.97 0 17.97 7 35.53 0.05 196.95 303 7 3 145 61 10 5
9.75 20 1 19 27.88 15.99 28.51 15.46 15.99 15.43 5 42.75 0.1 184.39 299 5 3 131 51 9 5
10 20 0 20 4524 0 45.24 12.85 0 12.85 12 50.42 02 219.47 300 6 3 134 56 14 1
1025 20 0 20 36.08 0 36.08 11.01 0 11.01 11 42.98 0.1 199.04 314 3 4 151 56 4 4
10.5 20 0 20 28.08 0 28.08 9.19 0 9.19 9 33.45 025 190.33 314 7 4 150 48 1 1
10.75 20 1 19 25.79 12.34 26.49 14.15 12.34 14.25 8 28.06 0.1 205.76 311 9 14 147 40 5 3
11 20 0 20 2822 0 28.22 16.25 0 1625 7 27.13 0.3 214.52 309 12 12 144 35 1 5
11.25 25 0 25 27.91 0 27.91 20.36 0 20.36 7 26.18 0.04 198.55 299 12 7 137 24 0 6
11.5 25 0 25 33.68 0 33.68 13.79 0 13.79 10 46.15 0.08 180.34 290 7 9 116 13 0 6
11.75 25 0 25 3622 0 3622 12.42 0 12.42 13 39.32 024 176.72 295 8 3 119 5 0 4
12 25 0 25 3528 0 3528 10.65 0 10.65 16 35.05 0.16 179.63 298 4 4 120 4 0 2
1225 25 0 25 24.58 0 24.58 7.11 0 7.11 11 34.47 02 160.49 285 4 2 118 2 0 9
12.5 25 1 24 21.83 8.74 22.38 9.18 8.74 9.19 11 21.82 0.32 191.98 281 3 0 116 0 0 4
12.75 25 0 25 11.52 0 11.52 628 0 6.28 5 18.64 0.12 187.54 273 0 1 117 0 0 10
13 25 0 25 5.63 0 5.63 3.63 0 3.63 1 15.07 024 206.43 270 0 2 109 1 1 2
1325 16 0 16 0.93 0 0.93 1.01 0 1.01 0 0 0.06 237.58 271 0 0 107 1 0 4
13.5 18 0 18 0.43 0 0.43 0.82 0 0.82 0 0 0.33 230.55 285 0 2 127 1 0 2
13.75 20 0 20 2.61 0 2.61 329 0 329 0 0 0.4 185:16 280 8 1 126 1 0 5
14 20 1 19 8.79 522 8.98 8.96 6.01 9.12 0 0 0.15 17522 282 3 4 128 0 0 8
14.25 20 0 20 12.8 0 12.8 10.76 0 10.76 0 0 0.2 162.05 292 0 4 136 6 6 8
14.5 20 0 20 7.04 0 7.04 5.35 0 5.35 1 16.1 025 212.69 293 1 2 143 7 1 1
14.75 13 0 13 3.34 0 3.34 2.41 0 2.41 0 0 0.31 230.49 293 0 0 139 10 3 2
15 20 0 20 1.11 0 1.11 1.97 0 1.97 0 0 0.45 179.18 294 1 1 145 32 22 1
15.25 18 0 18 3.74 0 3.74 4.05 0 4.05 0 0 0.17 184.49 302 0 0 154 36 4 1
15.5 18 0 18 3.88 0 3.88 4.54 0 4.54 0 0 0.33 222.53 310 0 2 146 60 34 3
15.75 18 0 18 6.34 0 6.34 6.45 0 6.45 0 0 0.06 208.51 314 1 0 147 71 13 4
16 18 1 17 7.49 7.77 7.47 7.72 7.77 7.72 0 0 0.17 222.92 316 1 0 141 77 11 3
16.25 18 0 18 9.69 0 9.69 8.73 0 8.73 1 18.83 0.06 293.92 314 4 3 148 85 20 2
16.5 18 1 17 1325 9.49 13.47 929 9.49 927 3 20.91 0.06 194.96 313 5 0 144 93 28 3
16.75 18 0 18 16.47 0 16.47 10.84 0 10.84 2 20.76 0.33 211.03 312 7 3 145 101 26 3
17 18 2 16 15.31 1329 15.57 13.31 1329 13.31 2 18.06 0 202.48 309 7 3 128 92 18 2
17.25 18 1 17 14.85 12.02 15.02 12.88 12.02 12.93 1 18.64 0.17 213.76 301 12 6 122 92 25 4
17.5 18 0 18 21.75 0 21.75 15.14 0 15.14 4 22.97 0.11 172.11 306 6 3 133 111 47 0
17.75 18 0 18 23.68 0 23.68 1629 0 1629 5 19.49 022 211.04 302 6 7 139 118 14 0
18 18 0 18 27.05 0 27.05 14.12 0 14.12 6 34.38 0.11 205.59 297 9 5 143 127 21 0
18.25 18 1 17 29.5 13.12 30.46 14.06 13.12 14.12 7 35.03 022 214.98 286 9 9 135 122 11 2
18.5 18 0 18 38.65 0 38.65 16.92 0 16.92 10 37.48 0.06 206.08 281 6 8 134 120 15 4
18.75 18 0 18 39.33 0 39.33 19.83 0 19.83 8 44.14 0.06 258.43 274 7 6 125 110 16 3
19 18 1 17 40.61 18.67 41.9 18.16 18.67 18.13 9 44.89 0 239.46 266 6 1 126 112 11 0
19.25 18 0 18 3922 0 3922 8.67 0 8.67 10 55 0 215.9 259 4 4 124 111 22 2
19.5 18 0 18 60.75 0 60.75 10.61 0 10.61 11 76.81 0.33 247.57 244 2 0 104 92 3 5
19.75 18 0 18 2021 0 2021 13.11 0 13.11 2 59.12 0.06 322.55 229 0 1 101 88 3 0
20 18 0 18 38.59 0 38.59 12.58 0 12.58 7 62 0.11 286.84 219 3 1 88 73 5 5
2025 18 0 18 39.65 0 39.65 13.92 0 13.92 8 57.89 0 271.56 201 4 5 73 62 2 2
20.5 18 0 18 54.58 0 54.58 15.8 0 15.8 10 6622 0.17 24327 185 7 2 55 44 5 3
20.75 18 1 17 55.76 18.07 57.97 18.49 18.07 18.51 10 63.56 022 222.12 169 6 3 44 35 3 1
21 18 0 18 70.74 0 70.74 15.19 0 15.19 14 69.51 0.11 237.25 152 6 5 34 28 3 3
Fleet Sum 1109 16 1093 26588 212 26376 12770 214.4 12556 300 12468 597 195
Scenario 5 : Modified Model, Tupdate = 15min, Actual ORD Flight Data (10/31/95),
CSA Window = 6 knots
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Figure 7-76 : Overall Performance vs. Local Time
Forecasted AAR - Ground Hold Adv. ------ Speed Adv.
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Figure 7-77 : Traffic Flow Management Advisories vs. Local Time
Scenario 5: Modified Model, Tupdate = 15min, Actual ORD Flight Data (10/31/95), CSA Window = 6 knots
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Figure 7-78 : Delays vs. Local Time
Scenario 5: Modified Model, Tupdate = 15min, Actual ORD Flight Data (10/31/95), CSA Window = 6 knots
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Figure 7-79 : Simulation Statistics
t E Ea Eg D Da D AHD AHDaAHO Ed GDgd SC T N Nhl Nh2 N Ngd GHA CSA
6.5 7 0 7 0.82 0 0.82 0.82 0 0.82 0 0 0 180.87 248 0 0 134 46 19 5
7 20 0 20 5.46 0 5.46 5.34 0 5.34 0 0 0.1 144.57 261 10 1 132 47 17 7
7.5 36 0 36 16.03 0 16.03 14.94 0 14.94 1 23.7 0.06 1452 274 4 5 143 46 17 5
8 36 1 35 16.53 11.07 16.68 13.05 11.07 13.11 4 18.05 0.08 148.65 281 16 5 139 57 29 8
8.5 36 1 35 23.35 22.39 23.38 18.97 22.39 18.88 4 19.18 0.22 174.08 294 10 14 154 67 25 7
9 36 2 34 29.79 21.12 30.3 18.78 21.12 18.64 9 35.34 0.14 19124 305 11 4 161 73 19 6
9.5 39 0 39 3523 0 35.23 16.45 0 16.45 15 39.81 0.21 192.64 303 8 5 148 62 18 3
10 40 1 39 38.84 16.74 39.41 15.8 16.74 15.78 16 49.94 0.25 202.86 300 4 5 132 54 19 4
10.5 40 0 40 32 0 32 11.43 0 11.43 20 38.72 0.12 199.15 314 8 5 152 49 6 1
11 40 1 39 27281 12.34 27.66 16.65 12.34 16.76 13 31.66 0.03 202.74 309 12 14 146 36 4 5
11.5 50 0 50 31.9 0 31.9 18.64 0 18.64 17 37.07 0.06 185.06 290 7 10 116 12 0 7
12 50 0 50 37.14 0 37.14 13.35 0 13.35 29 38.32 0.1 177.15 298 7 1 120 3 0 6
12.5 50 1 49 21.67 9.34 21.93 8.19 9.34 8.17 20 27.76 0.18 181.49 281 4 1 116 0 0 5
13 50 0 50 8.04 0 8.04 5.4 0 5.4 4 19.54 0.1 199.23 270 0 1 109 0 0 2
13.5 34 0 34 0.85 0 0.85 1.03 0 1.03 0 0 0.06 231.96 285 0 2 127 0 0 5
14 40 1 39 6.12 5.48 6.14 6.36 5.48 6.38 0 0 0.12 178.81 282 4 6 128 0 0 3
14.5 40 0 40 10.15 0 10.15 9.53 0 9.53 0 0 0.1 182.92 293 1 3 143 3 3 5
15 31 0 31 2.47 0 2.47 2.6 0 2.6 0 0 0.1 210.39 296 2 1 142 30 27 5
15.5 36 0 36 5.47 0 5.47 5.4 0 5.4 0 0 0.17 196.48 312 0 2 145 62 40 4
16 36 0 36 8.45 0 8.45 6.91 0 6.91 0 0 0.17 212.84 318 1 1 141 79 25 5
16.5 36 2 34 13.4 11.96 13.48 12.54 11.96 12.58 1 20.6 0.03 251.35 315 5 4 143 93 42 5
17 36 2 34 15.62 12.87 15.78 13.13 12.87 13.14 2 20.58 0.08 208.78 311 8 2 125 88 33 5
17.5 36 1 35 18.31 13.68 18.44 13.92 13.68 13.93 4 23.08 0.14 187.96 308 5 5 126 102 59 3
18 36 0 36 27.13 0 27.13 17.24 0 17.24 10 28.21 0.17 201.32 299 10 8 135 118 34 3
18.5 36 1 35 3721 18.12 37.76 18.88 18.12 18.9 17 35.93 0.11 216.75 283 7 8 131 1171 26 2
19 36 1 35 41.68 21.17 42.27 20.57 21.17 20.55 17 41.88 0.08 238.13 268 7 6 121 106 27 3
19.5 36 0 36 49.01 0 49.01 13.95 0 13.95 19 64.2 0.08 245.11 246 1 2 106 93 19 8
20 36 0 36 30.81 0 30.81 16.77 0 16.77 9 52.79 0.06 281.17 221 4 0 85 71 8 6
20.5 36 0 36 41.32 0 41.32 17.45 0 17.45 13 60.42 0.11 263.16 187 6 2 57 47 10 4
21 36 1 35 66.84 19.73 68.19 17.79 19.73 17.73 22 75.1 0.22 234.63 154 4 7 34 28 2 4
Fleet Su 1107 16 1091 26982 242 26740 14190 242 13948 266 11339 528 141
Scenario 5 : Modified Model, Tupdate = 30min, Actual ORD Flight Data (10/31/95),
CSA Window = 6 knots
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Figure 7-80: Overall Performance vs. Local Time
Figure 7-81 : Traffic Flow Management Advisories vs. Local Time
Scenario 5: Modified Model, Tupdate = 30min, Actual ORD Flight Data (10/31/95), CSA Window = 6 knots
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Figure 7-82: Delays vs. Local Time
Scenario 5: Modified Model, Tupdate = 30min, Actual ORD Flight Data (10/31/95), CSA Window = 6 knots
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Figure 7-83 : Simulation Statistics
t E Ea Eq D Da Dg AHD AHDa AHDg Egd GDgd SC T N Nhl Nh2 Ng Ngd GHA CSA
6.25 2 0 2 0 0 0 0 0 0 0 0 0 228.4 241 0 0 145 50 16 4
6.5 5 0 5 1.15 0 1.15 1.15 0 1.15 0 0 0 161.86 248 0 0 134 55 10 3
6.75 10 0 10 2.35 0 2.35 1.71 0 1.71 0 0 0.1 143.68 258 1 3 141 57 9 0
7 10 0 10 925 0 925 925 0 925 0 0 0 145.87 261 9 1 142 57 7 4
7.25 17 0 17 14.81 0 14.81 14.37 0 14.37 0 0 0.06 129.94 262 6 3 140 55 8 3
7.5 18 0 18 19.45 01 19.45 15.63 0 15.63 1 25.37 022 148.42 275 7 4 146 53 16 3
7.75 18 0 18 15.94 0 15.94 12.82 0 12.82 2 19.18 0.06 156.92 281 9 8 141 59 21 7
8 18 1 17 13.36 10.62 13.52 13.49 10.62 13.66 0 0 0.06 154.45 282 17 3 140 60 9 1
8.25 18 1 17 27.05 21.93 27.35 19.03 21.93 18.86 6 21.92 022 163.57 283 9 9 149 61 8 1
8.5 18 0 18 23.96 0 23.96 18.01 0 18.01 4 20.94 0.11 180.12 295 9 9 158 72 21 2
8.75 18 1 17 1828 14.02 18.53 14.03 14.02 14.03 1 40.27 0.11 193.07 288 6 4 150 67 4 3
9 18 1 17 4828 16.47 50.15 16.28 16.47 16.27 13 34.63 0.44 175.65 306 10 9 164 77 17 1
9.25 20 0 20 38.72 0 38.72 15.41 0 15.41 11 39.13 0.1 225.62 306 11 9 158 72 10 4
9.5 20 0 20 31.22 0 31.22 18.85 0 18.85 7 35.32 0 199.01 303 9 4 146 62 10 5
9.75 20 1 19 38.1 1628 3925 16.4 1628 16.4 7 55.86 0.15 189.62 299 4 2 131 51 11 5
10 20 0 20 32.56 0 32.56 13.78 0 13.78 9 39.79 0.05 206.62 300 5 3 134 55 11 1
1025 20 0 20 39.41 0 39.41 10.81 0 10.81 12 42.7 02 203.22 314 3 4 151 55 5 5
10.5 20 0 20 28.37 0 28.37 9.51 0 9.51 9 33.65 025 190.3 314 7 4 152 49 3 1
10.75 20 1 19 26.08 12.63 26.79 14.37 12.63 14.46 8 26.74 0.15 205.84 311 9 14 146 38 3 4
11 20 0 20 28.51 0 28.51 16.31 0 16.31 7 27.5 025 214.75 309 12 12 143 35 3 5
1125 25 0 25 26.15 0 26.15 2028 0 20.28 6 23.52 0.04 203.73 299 12 7 138 26 0 6
11.5 25 0 25 35.77 0 35.77 13.65 0 13.65 11 45.88 0.12 175.39 290 7 9 117 15 0 5
11.75 25 0 25 34.55 0 34.55 11.71 0 11.71 13 37.35 024 179.4 295 6 2 120 6 0 4
12 25 0 25 37.76 0 37.76 1023 0 1023 16 38.73 02 167.37 298 5 4 120 4 0
12.25 25 0 25 25.73 0 25.73 7.97 0 7.97 11 34.93 02 170.33 285 5 0 118 2 0 1
12.5 25 1 24 21.31 8.43 21.85 9.17 8.43 921 10 21.63 0.32 193.72 281 3 0 116 0 0 4
12.75 25 0 25 11.66 0 11.66 621 0 621 5 19.66 0.12 186.22 273 0 1 117 0 0 3
13 25 0 25 6.11 0 6.11 4.06 0 4.06 2 17.97 0.12 210.66 270 0 1 109 2 2 1
13.25 15 0 15 1.2 0 12 12 0 12 0 0 0 239.94 272 0 0 107 2 0 4
13.5 19 0 19 0.79 0 0.79 1 .19 0 1.19 0 0 0.16 225.6 285 0 2 127 2 0 0
13.75 20 1 19 3.06 4.92 2.96 3.35 4.92 326 0 0 0.15 183.42 280 8 1 127 2 0 3
14 20 0 20 9 0 9 9 0 9 0 0 0 183.68 282 3 3 128 0 0 3
14.25 20 0 20 12.12 0 12.12 9.66 0 9.66 0 0 02 16326 292 2 3 136 6 6 4
14.5 20 0 20 8.84 0 8.84 5.54 0 5.54 2 15.82 02 207.35 293 1 2 143 8 2 1
14.75 13 0 13 3.65 0 3.65 3.09 0 3.09 0 0 0.08 230.12 293 0 139 16 8 2
15 19 0 19 1.29 0 1.29 2.09 0 2.09 0 0 0.32 181.64 295 2 1 145 37 21 1
15.25 18 0 18 4.35 0 4.35 4.47 0 4.47 0 0 0.06 18229 303 0 0 154 40 3 0
15.5 18 0 18 4.32 0 4.32 4.47 0 4.47 0 0 0.11 223.99 311 0 2 148 65 36 2
15.75 18 0 18 6.61 0 6.61 6.69 0 6.69 0 0 0.06 204.79 315 1 0 148 75 13 3
16 18 1 17 7.96 827 7.95 8.04 827 8.03 0 0 0.06 215.52 317 1 0 141 80 12 2
1625 18 0 18 9.13 0 9.13 9.13 0 9.13 0 0 0 307.11 315 4 3 150 87 16 1
16.5 18 1 17 14.48 9.15 14.8 9.01 9.15 9 4 2122 0.06 198 314 4 0 145 93 27 5
16.75 18 0 18 1623 0 1623 9.98 0 9.98 3 18.54 022 209.16 313 7 3 146 101 27 2
17 18 2 16 14.41 12.12 14.7 1228 12.12 12.31 2 19.14 0 207.01 310 7 1 126 90 16 2
17.25 18 1 17 17.93 13.35 182 12.77 13.35 12.73 3 21.46 0.17 209.99 302 12 7 120 91 27 3
17.5 18 0 18 21.64 0 21.64 14.73 0 14.73 5 20.8 0.11 169.9 307 6 4 132 111 45 1
17.75 18 0 18 22.36 0 22.36 15.89 0 15.89 4 19.75 0.17 209.7 303 7 8 139 119 15 0
18 18 0 18 29.02 0 29.02 15.33 0 15.33 7 28.43 0.17 205.67 298 10 5 143 128 18 0
18.25 18 1 17 30.38 14.45 31.32 15.08 14.45 15.12 7 36.05 0.11 21025 287 9 7 138 125 12 2
18.5 18 0 18 39.79 0 39.79 17.01 0 17.01 10 39.49 0.06 218.03 282 8 6 134 121 16 3
18.75 18 0 18 38.99 0 38.99 19.61 0 19.61 8 39.16 0.11 242.58 275 7 6 125 110 17 3
19 18 1 17 41.42 19.17 42.73 18.03 19.17 17.96 9 46.78 0 253.66 267 9 2 124 110 11 1
1925 18 0 18 48.32 0 48.32 12.51 0 12.51 10 64.46 0 206.51 260 2 2 123 110 23 3
19.5 18 0 18 42.7 0 42.7 11.39 0 11.39 8 65.07 0.17 263.6 245 1 0 105 93 1 4
19.75 18 0 18 30.07 0 30.07 11.89 0 11.89 4 70.57 0.17 317.021 230 1 1 103 90 8 0
20 18 0 18 32.52 0 32.52 11.84 0 11.84 6 56.04 0.11 290.3 220 2 0 89 75 6 5
2025 18 01 18 40.87 0 40.87 13.03 0 13.03 8 6127 0.06 279.54 202 4 6 72 62 3 2
20.5 18 0 18 61.66 0 61.66 16.47 0 16.47 11 68.07 028 221.92 186 7 3 58 48 2 2
20.75 18 1 17 54.81 16.9 57.04 18.05 16.9 18.11 10 63.7 0.11 22929 170 6 3 44 35 6 1
21 18 0 18 7021 0 7021 15.31 01 15.31 14 70.59 0 244.53 153 7 6 36 30 1 0
Fleet Sn 1108) 16 10921 26971 2102 26761 12843 210.8 12632 306 12590 602 153
Scenario 5 : Modified Model, Tupdate = 15min, Actual ORD Flight Data (10/31/95),
CSA Window = 12 knots
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Figure 7-84 : Overall Performance vs. Local Time
Figure 7-85 : Traffic Flow Management Advisories vs. Local Time
Scenario 5: Modified Model, Tupdate = 15min, Actual ORD Flight Data (10/31/95), CSA Window = 12knots
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Figure 7-86: Delays vs. Local Time
Scenario 5: Modified Model, Tupdate = 15min, Actual ORD Flight Data (10/31/95), CSA Window = 12knots
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Figure 7-87 : Simulation Statistics
t E EaE D Da Dg AHD Ed GDd SC T N Nhl Nh2 Ng Nd GHA CSA
6.5 7 0 7 0.82 0 0.82 0.82 0 0.82 0 0 0 180.87 248 0 0 134 48 19 4
7 20 0 20 5.8 0 5.8 5.48 0 5.48 0 0 0.05 144.77 261 10 1 135 50 19 5
7.5 35 0 35 16.09 0 16.09 15.41 0 15.41 1 23.7 0 146.14 275 4 5 144 48 16 6
8 36 1 35 16.77 11.45 16.92 13.31 11.45 13.36 3 18.42 0.11 148.01 282 17 4 139 57 28 10
8.5 36 1 35 222 21.1 22.23 17.61 21.1 17.51 5 20.43 0.14 178.82 295 10 13 154 67 26 6
9 36 2 34 32.71 21.49 33.37 18.92 21.49 18.77 11 36.49 0.17 189.01 306 10 5 161 74 20 6
9.5 40 0 40 35.53 0 35.53 15.74 0 15.74 16 39.62 0.23 194.78 303 7 5 147 61 18 6
10 40 1 39 38.14 16.28 38.7 15.63 16.28 15.61 15 5129 0.23 20026 300 3 5 132 53 19 4
10.5 40 0 40 32.29 0 3229 10.52 0 10.52 20 3923 0.17 200.35 314 8 5 155 51 6 1
11 40 1 39 27.57 12.63 27.95 16.98 12.63 17.09 13 3127 0.07 202.7 309 10 14 146 37 5 6
11.5 50 0 50 30.54 0 30.54 18.09 0 18.09 15 36.94 0.08 192.11 290 8 7 116 14 1 7
12 50 0 50 38.52 0 38.52 12.93 0 12.93 30 40.87 0.08 170.04 298 7 2 120 4 0 5
12.5 50 1 49 22.48 9.03 22.75 8.74 9.03 8.74 20 27.73 02 183.78 281 4 1 116 0 0 5
13 50 0 50 8.4 0 8.4 5.17 0 5.17 6 18.91 0.1 198.81 270 0 1 109 2 2 0
13.5 34 0 34 0.97 0 0.97 1.11 0 1.11 0 0 0.09 232 285 0 2 127 2 0 2
14 40 1 39 6.31 4.92 6.34 6.42 4.92 6.46 0 0 0.05 178.94 282 3 5 128 0 0 3
14.5 40 0 40 10.34 0 10.34 8.93 0 8.93 2 15.45 0.05 183.7 293 1 3 143 6 6 2
15 31 0 31 2.59 0 2.59 2.72 0 2.72 0 0 0.06 210.38 296 2 1 142 33 27 5
15.5 36 0 36 5.47 0 5.47 5.27 0 527 0 0 0.08 196.61 312 0 2 148 65 40 1
16 36 0 36 8.09 0 8.09 6.68 0 6.68 0 0 0.11 219.4 318 1 1 141 79 25 6
16.5 36 2 34 13.31 11.54 13.41 12.27 11.54 12.31 1 18.93 0.03 247.48 315 4 2 143 93 42 5
17 36 2 34 16.07 12.03 16.31 12.15 12.03 12.15 5 22.4 0.06 207.58 311 8 2 125 88 33 5
17.5 36 1 35 18.31 13.68 18.44 13.92 13.68 13.93 4 2329 0.14 187.96 308 5 5 126 102 59 3
18 36 0 36 27.13 0 27.13 17.27 0 1727 10 28.13 0.17 20129 299 10 8 135 118 34 3
18.5 36 1 35 37.21 18.12 37.76 18.88 18.12 18.9 17 35.93 0.11 216.75 283 7 8 131 117 25 4
19 36 1 35 41.68 21.17 4227 20.55 21.17 20.53 17 41.93 0.08 238.15 268 7 6 120 105 27 3
19.5 36 0 36 50.1 0 50.1 13.91 0 13.91 20 63.04 0.08 248.58 246 1 2 106 93 19 9
20 36 0 36 29.71 0 29.71 15.75 0 15.75 8 54.25 0.11 278.77 221 4 0 85 71 8 5
20.5 36 0 36 43.21 0 43.21 17.97 0 17.97 14 60.37 0.08 26621 187 5 2 57 47 10 4
21 36 1 35 64.95 20.57 6622 17.73 20.57 17.65 21 74.72 025 231.12 154 4 7 34 28 2 2
FeetSum 1107 16 1091 27171 239.1 26932 13991 239.1 13752 274 11594 536 133
Scenario 5 : Modified Model, Tupdate = 30min, Actual ORD Flight Data (10/31/95),
CSA Window = 12 knots
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Figure 7-88 : Overall Performance vs. Local Time
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Figure 7-89: Traffic Flow Management Advisories vs. Local Time
Scenario 5: Modified Model, Tupdate = 30min, Actual ORD Flight Data (10/31/95), CSA Window = 12knots
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Figure 7-90: Delays vs. Local Time
Scenario 5: Modified Model, Tupdate = 30min, Actual ORD Flight Data (10/31/95), CSA Window = 12knots
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